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Because of the limited storage of fossil fuels and the long-term effects of burning them on the 
environment such as global warming and air pollution, development of clean and renewable 
energy is highly demanded.1-3 Since solar radiation is the largest renewable energy source on 
earth, artificial photosynthesis, mimicking the natural photosynthesis to convert sunlight into 
chemical energies, has attracted extensive attention in the last two decades.4-8 Learned from 
nature, the fundamental processes, i.e. light harvesting and electron transfer, should be 
integrated into the artificial systems. In this respect, multifunctional molecular assemblies 
which contain electron donors (D) and electron acceptors (A) have been constructed. 
Different to the noncovalent D/A assemblies, in which the intermolecular electron transfer 
rates might be limited by diffusion,9,10 covalently linked D and A via molecular spacers have 
attracted remarkable interest (Figure 1.1a, a typical dyad structure).11-15 These covalently 
linked D–A systems allow for tuning electron transfer dynamics at the molecular level, which 
on the other hand, serve as simple models for us to understand how electron transfer depends 
on the molecular structures. To achieve efficient solar-to-chemical energy conversion, the 
charge-separated states (CSS) should be efficiently generated and long-lived to react with 
external reactants (e.g. light-driving water splitting16,17 and photochemical carbon dioxide 
reduction18,19) or to be transported into an external circuit (e.g. dye-sensitized solar cells20,21). 
However, compared to the natural photosynthesis, the efficiencies of charge separation in 
artificial (supra)molecular systems are generally low due to the existence of e.g. competitive 
decay pathways of the excited molecules and/or faster recombination rates of D•+ and A•- 
pairs.11-15,22  
 
Figure 1.1. (a) Schematic representation of a typical molecular dyad structure contains an electron 
donor and an electron acceptor connected by molecular spacers (S). Upon excitation of the donor 
Photoinduced Electron Transfer Dynamics in Ruthenium(II) Bis(terpyridine) Based Molecular Dyads and Triads 
2 
 
electron transfer occurs. (b) The harmonic potential energy of the reactant (D*–A) and product 
states (D•+–A•-) for photoinduced electron transfer according to the Marcus theory.23 
      In order to optimize the artificial (supra)molecular systems for efficient solar-to-energy 
conversion, an in-depth understanding of how molecular structures influencing electron 
transfer rates is crucial. The correlation between electron transfer rates and the 
thermodynamic parameters is well-described by Marcus theory23 (potential wells of the 
reactant (D*–A) and product (D•+–A•-) states for electron transfer see Figure 1.1b) which 
allows quantitative interpretation of the rate constants. That is, electron transfer rate (kET) is 
governed by reorganization energy (λ), electronic coupling (HDA) and free energy change 
associated with electron transfer (i.e. driving force, –ΔG, usually written in this form to show 
a positive value):5,11,13,14,23 
                                 √
 
         
      
     ( 
      
 
        
)                                        
where ħ is the reduced Plank constant, kB is the Boltzmann constant and T is temperature.  
Therefore, the Marcus equation (eq 1) can be a valuable guide for the rational design of 
artificial (supra)molecular assemblies. To this end, it is necessary to understand how the 
molecular structure influences the three central parameters, λ, HDA and –ΔG, which in turn 
determine kET. 
1.1. Quantification of the Marcus’ parameters  
The driving force, –ΔG, can be estimated from electrochemical data according to the 
generally used form of Rehm-Weller equation:9  
                                             ΔG = e (ED
+
/D –EA/A
-) – E00 –  
  
         
                                      (2) 
where ED
+/D and EA/A
- represent the one-electron oxidation and reduction potential of D and 
A, respectively. E00 is the energy difference between the excited state (where the electron 
transfer takes place) and ground state. RDA represents the D–A distance. In high polar solvents 
the last term in eq 2 is often neglected.24,25 Thus, –ΔG is mainly determined by the nature of 
D and A. When turning to the reorganization energy λ, the Marcus dielectric continuum 
model indicates that the overall λ consists of inner-sphere (λi) and outer-sphere (λo) 
contributions (eq 3).5,23,24,26,27 The latter inflects the energy necessary for the reorganization of 




the former represents the free energy change associated with the nuclear bond length changes 
within the reactant molecules.5,26,27      
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)                                          
in the simplest model, D and A are treated as spheres with radius a1 and a2 (for more accurate 
prediction, D and A should be treated as ellipsoids27). a1, a2 and RDA can be estimated from 
the optimized molecular structure. ε0, n and εs are vacuum permittivity, refractive index and 
dielectric constant of the solvent, respectively. In general, λi is estimated to be 0.1–0.2 eV for 
large π-conjugated systems27,28 and is treated as distance independent.27 While λo depends 
strongly on solvent polarity, the size of D and A as well as the D–A distance. In a word, the 
nature of D and A, D–A distance and solvent polarity have significant effects on λ and –ΔG, 
and therefore kET.  
      HDA cannot be easily estimated like λ and –ΔG described above. Conventionally, after 
acquiring the latter two parameters (based on eq 2–4) as well as kET from the time-resolved 
spectroscopy, HDA values are extracted from eq 1. So far, the nature of D and A, the structure 
of the molecular spacer29-34 and the molecular conformation35,36 have been shown to 
drastically change HDA: HDA generally decreases with increasing RDA
5,11,13,29,30; The 
substituents on the spacer were found to change HDA considerably. For example, Wenger and 
coworkers reported two dyads which have the same D, A and the same length of the 
molecular spacer, i.e. five repetitive p-xylene units.33 Upon replacing the two –CH3 groups on 
the middle ring by two –OCH3 groups the hole transfer rate was found to be 55 times faster 
than the dyad with pure –CH3 substituents.
33 It was ascribed to the significantly enhanced HDA 
by the two –OCH3 substituents on the molecular spacer.
33 As for the molecular conformation 
effect, Albinsson and coworkers reported on a (Zinc porphyrin)2–fullerene (ZnP2–C60) dyad 
that electron transfer rate in perpendicular conformer was 10 times faster than that in planar 
conformer of the excited ZnP2.
35 This was also attributed to the distinct HDA in the two 
conformers.35 
      Considering the synergistic effects of the three Marcus parameters, studies pointed out 
that for two D–A systems with comparable HDA and similar –ΔG for charge separation and 
charge recombination, the magnitude of λ is the pivotal parameter to determine kET.
5,37 As 
shown in Figure 1.2, for a small λ value, charge separation takes place close to the top region 
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(where the electron transfer rate reaches a maximum) of the Marcus parabola meanwhile 
pushes the charge-recombination process into the deep Marcus inverted region leading to a 
relatively slow backward electron transfer.5,37 On the contrary, a larger λ results in a much 
slower forward electron transfer rate which in turn decreases the charge-separation efficiency. 
In the meantime, the backward electron transfer is accelerated which shortens the lifetime of 
CSS. Hence, to achieve fast charge separation and slow charge recombination, small λ values 
of D–A systems are targeted.5,37 To this end, structural rigid D, A as well as molecular spacers 
should be considered for constructing D–A assemblies.5,37   
 
Figure 1.2. Driving force (–ΔG) dependence of ln(kET) with two distinct λ values, which was 
plotted by referring to ref 5 and 37. CS and CR represent charge separation and charge 
recombination, respectively.  
1.2. The study of electron transfer mechanisms  
Electron donors, e.g. porphyrin,38,39 ferrocene,40,41 π-extended tetrathiafulvalene (exTTF)42,43 
and phenothiazine (PTZ),44,45 and electron acceptors, e.g. porphyrin,28,46 perylene,47,48 
fullerene44,49,50 and polyoxometalate (POM)51,52 are frequently used in building D–A 
assemblies because of their good redox properties and relatively rigid structures. π-conjugated 
molecular spacers, e.g. oligo-p-phenylene (OP), oligo-p-phenyleneethenylene (OPE), oligo-p-
phenylenevinylenes (OPV), oligo-thiophenes (OTP) and oligo-fluorene (OFL) are generally 
used to connect D and A.5,53,54 The rigid structures of the π-conjugated molecular spacers not 
only yield small λ values but also can avoid the folded conformation of D•+–A•- which would 
accelerate the charge-recombination process.55-57 Concerning electron transfer through 




coherent superexchange or incoherent hopping is operative (Figure 1.3a, b).11,13,14,53 Electron 
transfer via superexchange has to tunnel in one single step through the barrier imposed by the 
molecular spacers, and thus, no spacer-localized intermediate CSS can be formed even 
transiently (Figure 1.3a).11,13,53 On the contrary, for hopping, the electron can be stepwise 
transported from D to A via the molecular spacers (Figure 1.3b).11,13,53 The specific way of 
electron transfer is determined by the energy difference ΔE between the transition state (i.e. 
the crossing point of the two potential wells in Figure 1.1b) and the minimum of the spacer 
potential well (not shown in Figure 1.1b).11,53 Due to the fact that ΔE is not readily 
quantifiable from the experiment, it is common to approximate ΔE as ΔEDB (Figure 1.3a, b) 
which is the redox potential difference between the donor and spacer moieties (this can be 
estimated by electrochemistry).13,14,58 When the energy of the spacer states is much higher 
than the donor state (i.e. large ΔEDB, Figure 1.3a) coherent superexchange is operative. 
Typically, for superexchange HDA decays exponentially with distance RDA: 
                                                        
 
 
                                                     
where H0 represents the electronic coupling at van der Waals contact distance.
27,60 Combining 
eq 5 and eq 1, electron transfer rates via superexchange show exponential distance 
dependence as well: 
                                                          
                                                                   
β is the attenuation factor. Hopping, on the other hand, requires the energy of the spacer states 
similar or lower than the donor state (i.e. small ΔEDB, Figure 1.3b). This can be achieved by 
either extending the π-conjugation of the molecular spacer or by proper electronic substitution 
on it.13,53 As a result, the molecular spacer becomes accessible for accepting an electron and 
spacer-localized intermediate CSS is generated. The incoherent hopping mechanism is 
reported to display a shallow distance dependence of electron transfer rates:11,59   
                                          kET ∝ N
-n (n = 1–2)                                                (7) 
N is the number of subunits in a molecular spacer. Empirically, distance-dependent electron 
transfer rates, i.e. lnkET vs. RDA, are often studied and the observed small β values (< 0.2 Å
-1) 
are attributed to predominant contributions from the hopping mechanism.11,13,14,53 However, 
recent studies showed that differentiating electron transfer mechanisms by the magnitude of 
β-value may lead to misconceptions:60,61 For example, Wasielewski and coworkers obtained a 
β-value of 0.34 Å-1 in 3,5-dimethyl-4-(9-anthracenyl) julolidine–fluorenone–naphthalene 
system at room temperature and a spacer-localized intermediate CSS was spectroscopically 
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identified.60 Thus, electron transfer by hopping was operative despite a relative high β-value 
(0.34 Å-1).60  
 
Figure 1.3. Exemplary illustration of the (a) coherent superexchange and (b) incoherent hopping 
mechanisms for electron transfer in D–A assemblies which contain three identical spacer 
fragments.11,13,53 S1 and S2 represent two different molecular spacers which have different 
energetic levels. (c, d) Methods used in literature to understand the electron transfer mechanisms 
by studying the (c) distance dependent and (d) temperature dependent kET. 
      Considering the electron transfer mechanism for a specific D–A system, hopping is 
generally more efficient than superexchange at larger RDA (eq 7 vs. eq 6, respectively). As a 
result, the appearance of slopes change at larger RDA when studying lnkET vs. RDA may imply 
a mechanism switch from superexchange to hopping.62-70 For example, Wasielewki and 
coworkers reported TET–PPVn–PI triads (n = 1–5, TET, PPV and PI represents tetracene, p-
phenylenevinylene and pyromellitimide, respectively) which displayed a sharp increase of 
electron transfer rate from TET–PPV2–PI to TET–PPV3–PI (exemplarily shown in Figure 
1.3c).62 The resultant slopes change of the linear fit (according to eq 6) was rationalized by a 
mechanism transition from superexchange to hopping.62 This conclusion was supported by the 






      Another approach to understand the electron transfer mechanisms is to investigate the 
temperature dependence of kET as reported in few studies.
61,71-75 In doing so, the Marcus 
equation (eq 1) is used in the following form:61,71-75 
                                     
 
     (√
 
       
      
 )  
       
        
                                 
ln(kET·T
1/2) vs. 1/T yields a single linear relationship. λ and HDA can be extracted from the 
slope (–ΔG is estimated from the electrochemical data according to the Rehm-Weller 
equation, eq 2) and the intercept, respectively. According to the literature, a change in 
electron transfer mechanism would lead to deviations from the linearity when plotting 
ln(kET·T
1/2) vs. 1/T and hopping is considered to have stronger temperature dependence than 
superexchange (see Figure 1.3d).61,71-75 For example, Guldi and coworkers reported a triad 
system containing an exTTF electron donor and a C60 electron acceptor connected by OPV 
spacer.73 Plotting ln(kCR·T
1/2) vs. 1/T yields two distinct sections in the temperature region of 
350–272 K. The weaker temperature dependence of ln(kCR·T
1/2) at 320–272 K suggested a 
superexchange mechanism being operative while the stronger temperature dependence of 
ln(kCR·T
1/2) at 350–320 K indicated a thermally activated hopping mechanism to be 
dominant.73 However, such analysis has to be conducted with care as temperature-induced 
changes in solvent’s dielectric properties might cause λ, HDA and –ΔG to become 
temperature-dependent quantities.13,76,77 Considering this, Wasielewski pointed out that a 
positive activation cannot exclusively indicate a hopping mechanism while less activated 
behavior (i.e. flat slopes) alone cannot be conclusively attributed to superexchange.77 
Nonetheless, literature on quantitative analysis of the Marcus’ parameters has concluded that 
electron transfer via hopping has stronger temperature dependence than electron transfer via 
superexchange.61,71-75 
1.3. The work in this thesis  
The thesis presents a fundamental research on molecular dyads and triads in which the 
photoinduced electron transfer dynamics is studied. The purpose of this work is to 
systemically study: 1) the influence of various factors such as the nature of D and A, D–A 
distance and solvent polarity on kET; 2) the mechanism of electron transfer, i.e. superexchange 
or hopping; 3) the influence of molecular structure on electronic coupling HDA (which is an 
important factor controlling kET but less understood). In doing so, the well-studied N-
methylphenothiazine (PTZ)44,45 and π-extended tetrathiafulvalene (exTTF)42,43 were chosen as 
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electron donors and N-methylfulleropyrrolidine (C60)
44,49,50 and polyoxometalate (POM)51,52 
were used as electron acceptors. C60 and POM are ideal electron acceptors because both of 
them can store several electrons with very small structural change, i.e. small λ.44,49-52 In 
addition, the reduced POM was found to be efficient photo-/electro-catalysts for proton 
reduction.51,52 Considering all these selected D and A barely absorb the visible light, the 
incorporation of a photosensitizer is necessary to improve the absorption of solar irradiation.  
      Light harvesting is the “starting point” of any photochemical reactions and needs to be 
properly designed: With more light is absorbed the more charges are likely to be separated 
and consequently higher light-to-energy conversion efficiencies could be achieved.5 In this 
respect, photoactive transition metal-polypyridyl complexes such as Ru(II), Os(II), Ir(III), and 
Cu(I) have been selected in constructing D–P–A systems.12,78-80 The presence of metal/ligand 
interactions allows absorption of visible light via metal-to-ligand charge transfer (MLCT) 
transitions.12,78-80 Due to the strong spin-orbital coupling induced by the heavy metal centers, 
ultrafast intersystem crossing (which usually occurs on a sub-100 fs timescale) from the 
singlet metal-to-ligand charge transfer (1MLCT) excited state to the triplet metal-to-ligand 
charge transfer (3MLCT) excited state was observed.12,78-80 Thus upon excitation of the 
transition metal complex in D–P–A, electron transfer generally takes place from the 3MLCT 
states leading to the CSS in triplet manifold.44,88-90 The generated triplet CSS is longer lived 
than the corresponding singlet CSS, as the former has different spin multiplicities to the 
ground state. Another advantage of the transition metal complexes is their highly tunable 
optical and redox properties by changing the metal center or the functionalization of 
peripheral ligands.78-80 By proper molecular design different electronic states, e.g. MLCT, 
metal-centered (MC), ligand-centered (LC), intraligand charge transfer (ILCT), ligand-to-
ligand charge transfer (LLCT), with distinct reactivity can be accessed which have already 
shown the possibility to be used in photodynamic therapy.81  
      Until now, considerable attention has been paid to Ru(II) polypyridine due to their 
chemical robustness, ease of synthesis and relatively cheap starting materials.82-85 In the 
family of Ru(II) polypyridine, complexes based on the tridentate ligands, e.g. 2,2’:6’,2’’-
terpyridine (tpy), are of particular interest due to its achiral nature and high symmetry which 
allows constructing linear structure without inducing geometrical and optical isomers.82-84 
Compared to another frequently used Ru photosensitizer, [Ru(bpy)3]
2+, [Ru(tpy)2]
2+ has 
relatively poor excited-state properties, e.g. a short excited-state lifetime of 3MLCT state (τ = 
0.25 ns84 vs. 630 ns of [Ru(bpy)3]





2+ at 25 °C).84,86 This is owing to the existence of an excited-state deactivation 
pathway via the low-lying 3MC state in [Ru(tpy)2]
2+,83,84,87 facilitating a non-radiative decay 
via the 3MC state to ground state.84 The small energy gap between 3MLCT states and 3MC 
ligand field states is due to the unfortunate bite angle of the tpy ligand which causes a 
distorted octahedral coordination sphere leading to weakened ligand field.83,84,87 Prolonging 
the lifetimes of the 3MLCT states in [Ru(tpy)2]
2+-derived complexes has been achieved by 
increasing the energy gap between the 3MC and 3MLCT states: Either by using ligands with 
high ligand field strength (e.g. cyclometallated ligands or by substitution on tpy ligand to 
extend the π-conjugation) or using ligands with larger bite angles than tpy ligand.84,87  
      In this thesis, [Ru(tpy)2]
2+ was chosen as the photosensitizer to facilitate the construction 
of linear molecular assemblies. The thesis will present a systematic investigation on D–
Ru(tpy)2–A dyads and triads that various factors such as the nature of D and A, D–A distance 
and solvent polarity on photoinduced electron transfer dynamics will be studied. To this end, 
electron donors such as PTZ and exTTF as well as electron acceptors such as C60 and POM 
were covalently linked to the 4’-position of tpy1 and tpy2 ligands, respectively (Figure 1.4). In 
the beginning of the work (Chapter 2.1), a model compound PTZ–Ru(tpy)2–C60 is 
introduced. I will show that energy transfer (i.e. PTZ–3Ru(tpy)2*–C60
   
→  PTZ–Ru(tpy)2–
3C60*) and a two-step electron transfer (i.e. PTZ–
3Ru(tpy)2*–C60




   
→ PTZ•+–Ru(tpy)2–C60
•-) take place upon excitation of the Ru(tpy)2 photosensitizer. In 
general, the photochemistry of Ru(II) coordination complexes is discussed to start from the 
lowest thermalized 3MLCT state.88-90 However, the work here reveals that the initially 
populated two 1MLCT excited states, instead of generating the lowest-lying 3MLCT state, 
decay independently (i.e. via energy transfer and electron transfer). This observation holds 
true for the triad containing a different electron acceptor POM (i.e. PTZ–Ru(tpy)2–POM, 
Chapter 2.2, Figure 1.4) and the triad containing a stronger electron donor exTTF (i.e. 
exTTF–Ru(tpy)2–POM, Chapter 2.2, Figure 1.4). 




Figure 1.4. Overview of the molecular dyads and triads built on the [Ru(tpy)2]
2+ photosensitizer in 
this thesis. Different colors are given to show which parts of the [Ru(tpy)2]
2+ complex are 
connected to the specific molecular fragments (D, S and A). 
      In Chapter 3, the molecular structure of PTZ–Ru(tpy)2–C60 is extended by inserting two 
different molecular spacers between Ru(tpy)2 and C60 (Figure 1.4). The same decay pathways 
of the excited 3MLCT states are observed in the longer triads, i.e. independent electron 
transfer (two-step) and energy transfer. The second electron transfer step (i.e. ET2, from 
Ru(tpy)2
•- to C60) via different lengths of the molecular spacer is the core of this chapter. The 
influence of distance and solvent polarity on the second electron transfer rates (kET2) will be 
evaluated. Afterwards, the underlying mechanism for ET2 will be discussed based on the 
combined analysis of temperature- and distance-dependent kET2. 
      Chapter 4 will answer the question how the substitution pattern on the remote tpy2 ligand 
could impact the electronic coupling between PTZ and Ru(tpy)2. This remote-control effect, 
to the best of my knowledge, has not been explored for photoinduced excited-state electron 
transfer reactions. For this purpose, different substituents (i.e. –ph, –ph–CH3 and –ph–OCH3, 
Figure 1.4) were attached to the 4’-position of the tpy2 ligand. The PTZ→
3Ru(tpy)2* electron 
transfer will be studied as a function of temperature for differently substituted PTZ–Ru(tpy)2 




D, D–A linkage and D–A distance. I will show that with a constant driving force, HDA 
between PTZ and Ru(tpy)2 can be significantly altered by the remote ligand design.  
      In short, the aim of this work is to figure out how the photoinduced electron transfer 
dynamics in D–Ru(tpy)2–A systems can be affected by the structural variations. For this 
purpose several characterization techniques were used:  
 fs / ns transient absorption (TA) spectroscopy.81,87,91 The fs TA spectroscopy provides 
information on ultrafast photoinduced dynamics in the timescale from sub-ps to 
several ns. The ns TA spectroscopy characterizes the fate of a long-lived state 
populated upon excitation in the time range from ns to ms. To obtain the temperature 
dependent electron transfer rates in Chapter 3 and Chapter 4 a cryostat was used in 
the fs TA measurements.  
 Spectroelectrochemistry (SEC) is a technique combining the UV/Vis absorption 
spectroscopy and electrochemistry.92,93 This methodology is used to clarify the 
absorption features of one-electron oxidized and reduced species which can help 
interpret the fs / ns TA data.  
 Resonance Raman (RR) spectroscopy92,94 was utilized to characterize the electronic 
configurations of the 1MLCT excited state which is the starting point of the 
photochemical reactions. RR probes dynamics in the Frank-Condon region which 
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2. Ru(tpy)2 photosensitizer – excited state branching 
Parts of this chapter are published in: 
[P1] Y. Luo, K. Barthelmes, M. Wächtler, A. Winter, U. S. Schubert and B. Dietzek, Energy versus 
Electron Transfer: Controlling the Excitation Transfer in Molecular Triads. Chem. Eur. J., 2017, 23, 
4917–4922. 
[P2] Y. Luo, M. Wächtler, K. Barthelmes, A. Winter, U. S. Schubert and B. Dietzek, Direct Detection 
of the Photoinduced Charge-Separated State in a Ru(II) Bis(terpyridine)–Polyoxometalate Molecular 
Dyad. Chem. Commun., 2018, 54, 2970–2973. 
[P3] Y. Luo, M. Wächtler, K. Barthelmes, A. Winter, U. S. Schubert and B. Dietzek, Coexistence of 
Distinct Intramolecular Electron Transfer Pathways in Polyoxometalate Based Molecular Triads. Phys. 
Chem. Chem. Phys., 2018, 20, 11740–11748. 
[Ru(tpy)2]
2+ is a proper photosensitizer to construct linear D–P–A without inducing 
geometrical or optical isomers. Hence, a molecular dyad which contains a [Ru(tpy)2]
2+ 
photosensitizer/electron donor and a N-methylfulleropyrrolidine (C60) electron acceptor (i.e. 
Ru(tpy)2–C60) was previously designed and studied.
91 However, upon excitation of the 
1MLCT transition (λex = 520 nm) only a fullerene triplet state (
3C60*) was detected by fs/ns 
transient absorption (TA) spectroscopy.91 The fs TA data revealed that 3C60*
 was generated by 
triplet-triplet energy transfer from the thermalized 3MLCT state.91 In the first section of this 
chapter, an additional electron donor N-methylphenothiazine (PTZ) was incorporated into the 
Ru(tpy)2–C60 dyad structure, i.e. triad T1 (Scheme 2.1). The formation of a fully charge-
separated state, i.e. PTZ•+/C60
•- pair, is expected because the energy level of PTZ•+–Ru(tpy)2 –
C60
•- (~1.4 eV according to the electrochemical data95) is lower than that of 3C60* (1.5 eV).
44  
      On the other hand, the photochemistry of Ru(II) coordination complexes is generally 
considered to start from the lowest 3MLCT state because of the ultrafast intersystem crossing 
followed by rapid formation of the lowest thermalized 3MLCT state.88-90 However, for 
heteroleptic complexes, e.g. T1, immediately after photoexcitation the negative charges are 
delocalized on the two tpy ligands leading to the MLCT states into two different 
configurations which may have different photochemical properties. In doing so, T1 was 
investigated at different excitation wavelengths by ns TA spectroscopy. To be specific, T1 
was excited at 520, 476 and 456 nm, i.e. throughout the MLCT band of [Ru(tpy)2]
2+ 
photosensitizer, which would populate the two 1MLCT states in different percentages. To 
provide insights into the distribution of 1MLCT states over the individual coordinating ligands 
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excitation wavelength dependent resonance Raman (RR) spectroscopy was employed. 
Investigation on T1 reveals that the initially populated 1MLCT states are distributed on the 
two differently functionalized tpy ligands. Instead of converting into the lowest-lying 3MLCT 
state, the two distinct 3MLCT states decay independently via electron transfer and energy 
transfer (vide infra). Namely a branching of the 3MLCT states in [Ru(tpy)2]
2+ photosensitizer 
is observed in T1.  
2.1. Energy vs. electron transfer  
 
Scheme 2.1. Molecular triad T1 and its reference dyad D1 discussed in this section.  
UV/Vis absorption and emission spectra. The UV/Vis absorption spectra of triad T1 and 
dyad D1 were collected in dichloromethane (Figure 2.1a). D1 displays the characteristic 
spectral features well-known for Ru(II) polypyridyl complexes: The intense absorption bands 
in the UV region at 274 and 310 nm are attributed to the π-π transitions within tpy ligands and 
the substituent PTZ.82-85,95  The absorption band in the visible region at 496 nm is typically for 
the Ru(II)-based MLCT transition.82-85,95 T1 exhibits stronger absorption in the wavelength 
range of 250–300 nm with an additional peak at 254 nm, which are attributed to the 
absorption of C60.
95  
      The interaction between 3MLCT states and C60 are first gained from the steady-state 
emission spectra (Figure 2.1b): Upon excitation of 1MLCT transition (λex = 520 nm), D1 
shows a quite weak emission band at around 640 nm while the emission is totally quenched 
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by the attachment of C60 which indicates the existence of additional decay channels of 
3MLCT states in T1. 
 
Figure 2.1. (a) UV/Vis absorption spectra and (b) emission spectra (isoabsorbing solutions at λex = 
520 nm) in aerated dichloromethane. The absorption spectra were taken from ref 95. The emission 
spectra were normalized to the Raman band (asterisk) of dichloromethane (DCM). 
Photoinduced dynamics. The excitation wavelength-dependent photochemistry of T1 is 
revealed by ns TA spectroscopy. The ns TA spectra obtained upon excitation at 520, 476 and 
456 nm show two distinct excited-state absorption (ESA) bands at 590 and 700 nm (Figure 
2.2a). The latter band is typical for the absorption of 3C60*
 44,91 which is supported by its 
extended lifetime in oxygen-free solution (320 ns in aerated solution vs. 1500 ns in deaerated 
solution, details see [P1]). The formation of 3C60*
 is attributed to the triplet-triplet energy 
transfer from the 3MLCT state as observed in dyad Ru(tpy)2–C60.
91 The band at 590 nm is 
assigned to the absorption of one-electron oxidized PTZ (i.e. PTZ•+). This is revealed by 
spectroelectrochemistry which displays three characteristic bands at 365, 473 and 580 nm for 
PTZ•+ (Figure 2.2c). The absorption of PTZ•+ at 365 nm is quite pronounced in D1 but not in 
T1 (Figure 2.2a). This is owing to the spectral overlap with the negative absorption of one-
electron reduced C60 in the latter (C60
•-, Figure 2.2d). Hence, it indicates the formation of 
PTZ•+–Ru(tpy)2–C60
•- in T1. As a result, there are two states, i.e. PTZ•+–Ru(tpy)2–C60
•- and 
3C60*, generated in T1 by electron transfer and energy transfer, respectively. The resultant 
long-lived states can also be disentangled according to their different lifetimes (Figure 2.2b, 
20 vs. 320 ns, respectively). Notably, the relative intensities of the two ESA bands at 590 and 
700 nm display strong excitation wavelength dependence (Figure 2.2a). In other words, the 
ratios between electron transfer and energy transfer depend on the excitation wavelengths: 
The absorption intensity at 590 nm, which represents the yield of PTZ•+–Ru(tpy)2–C60
•-, 
decreases upon shifting the excitation to lower wavelengths (Figure 2.2a).  




Figure 2.2. (a) Normalized TA spectra (at 700 nm) of T1 at 15 ns upon excitation at 520, 476 and 
456 nm in aerated dichloromethane. For comparison, the ns TA spectrum of D1 at 15 ns upon 
excitation at 520 nm was arbitrarily scaled to fit the figure. (b) Normalized integrated kinetic 
traces at the spectral regions of the charge-separated state (540–630 nm) and 3C60* (640–800 nm) 
of the ns TA data collected upon 520 nm excitation. Note: Because of the fast charge 
recombination of the charge-separated state in D1, its lifetime cannot be really determined using 
the time resolution (~10 ns) of the ns TA setup. (c) and (d) Normalized (by the absorption maxima 
at ground-state bleach, the blue one) spectroelectrochemical UV/Vis absorption difference spectra 
of (c) PTZ•+ and (d) C60
•- in dichloromethane. Potentials are given vs. Fc+/0. 
      To explore the origin of the excitation wavelength-dependent photochemistry, excitation 
wavelength-dependent RR spectra were recorded which could show how the distribution of 
1MLCT states changes with excitation wavelengths. In Figure 2.3a, PTZ and tpy associated 
bands were marked in different colors (the assignment was made based on the RR data of 
unsubstituted Ru(tpy)2
 complex96 and N-methylphenothiazine97,98). Decreasing the excitation 
wavelength leads to decreased RR signals of PTZ associated bands. This means less 1MLCT 
state distributed on the PTZ–tpy ligand (i.e. 1MLCTPTZ-tpy) is populated which in turn results 
in a weaker PTZ•+–Ru(tpy)2–C60
•- associated band in ns TA spectra (Figure 2.2a and 2.3b). 
Combining the ns TA and RR results we conclude that the initially excited mixture of 1MLCT 
states do not convert rapidly into the lowest-lying 3MLCT state, from which a uniform 
photochemistry would be expected. Instead, the initially distinct 1MLCT states give rise to 
distinct and slow photochemical response on the ns timescale.  




Figure 2.3. (a) Excitation wavelength-dependent resonance Raman (RR) spectra of T1 in aerated 
dichloromethane. For comparison, the spectra were normalized to the solvent band at 1420 cm-1 
(asterisk). Color code: Blue dashed line and red dotted line represents PTZ and tpy associated 
bands, respectively. (b) Ratios of the integrated band areas between the PTZ (namely PTZ–tpy 
ligand, APTZ-tpy) and tpy (namely tpy–C60 ligand, Atpy-C60) associated RR bands as a function of 
excitation wavelengths (black line). The ratios between electron transfer (ET) and energy transfer 
(EnT) at certain excitation wavelengths are given for comparison (red line, this was obtained by 
comparing the integrated band area between 540–630 nm for ET and 630–800 nm for EnT shown 
in Figure 2.2a).  
      To elucidate the reason for the existence of two distinct decay pathways of the 3MLCT 
states, the early events after photoexcitation were studied by fs TA spectroscopy. For T1 and 
D1, the fs TA spectra (Figure 2.4a, c) at very short delay times, e.g. at 0.3 ps, display the 
typical spectral features of the 3MLCT ESA of Ru(II) polypyridyl complexes: A strong 
ground-state bleach (GSB) at around 500 nm and two positive bands below 450 nm and above 
550 nm.87,91,99,100 At long delay times, e.g. at 1714 ps, consistent with the ns TA results 
(Figure 2.4a, at 15 ns), the fs TA spectrum of T1 shows two distinct ESA bands at 470 and 
585 nm associated with the absorption of PTZ•+ and one broad band at 700 nm related to the 
absorption of 3C60* (Figure 2.4a). For D1 at 1714 ps (Figure 2.4c), the fs TA spectrum 
displays two ESA bands of PTZ•+ at 365 and 590 nm which also match the ns TA spectra very 
well. Accordingly, the long-lived species (τinf) in decay-associated spectra (Figure 2.4b, d) 
represents PTZ•+–Ru(tpy)2–C60
•- and 3C60* in T1 (Figure 2.4b) and solely PTZ
•+–Ru(tpy)2
•- in 
D1 (Figure 2.4d). The fastest process (τ1 = 3 and 6 ps for T1 and D1, respectively) leading to 
increased TA signals at 365 nm and 540–600 nm associated with the absorption of PTZ•+, and 
hence, is attributed to the electron transfer from PTZ to photo-oxidized Ru center. The second 
component (τ2 = 20 and 515 ps for T1 and D1, respectively), with typical 
3MLCT features, is 
assigned to the decay of 3MLCT state either to 3C60* state (T1) or to ground state (D1). The 
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third component in T1 (τ3 = 457 ps) is characterized by decreased TA signals at 350–400 nm 
and above 550 nm. This is associated with the decay of the reduced tpy ligand (i.e. tpy•-)99,100 
in PTZ•+–Ru(tpy)2
•-–C60. Additionally C60
•- has a negative contribution below 400 nm (Figure 
2.2d). Thus, τ3 reflects electron-shifting from tpy
•- to C60 to generate the fully charge-
separated state, i.e. PTZ•+–Ru(tpy)2–C60
•-. 
 
Figure 2.4. fs transient absorption spectra at selected delay times (a, c) and decay-associated 
spectra (b, d) of T1 (a, b) and D1 (c, d) in aerated dichloromethane upon excitation at 520 nm. For 
comparison, the ns TA spectrum recorded at 15 ns upon excitation at 520 nm was incorporated 
into the fs TA spectra (a, c). The ns TA spectrum was scaled according to the fs TA spectrum at 
1714 ps. 
      Hence, there are two distinct kinetic relaxation pathways of the 3MLCT states in T1 and 
D1. In addition, the two relaxation pathways should occur from two separate 3MLCT states, 
and thus, two distinct time constants for the decay of 3MLCT states can be observed since 
they do not compete kinetically with each other. Combined with the ns TA and RR results, the 
relaxation scheme for T1 and D1 upon photoexcitation is proposed (Figure 2.5). The 
exchange interaction in the PTZ–tpy ligand, which is conjugated over a larger range, is 
comparably weaker than that in the tpy–C60 ligand (or tpy ligand, D1). Thus, the energetic 
splitting between 1MLCTPTZ-tpy and 
3MLCTPTZ-tpy
 is smaller than the energy gap between 
1MLCTtpy-C60 and 
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the energetic ordering of the 1MLCT states determined by RR spectroscopy seems to be 
inverted in 3MLCT manifold (Figure 2.5). For T1 and D1 the ultrafast 3 / 6 ps electron 
transfer process can kinetically compete with the interligand electron transfer (ILET, which is 
reported to be in the range of several ps for Ru(II) polypyridyl complexes99,102,103 and causes 
the differently distributed 3MLCT states towards the lowest-lying 3MLCT state). As a result, 
two 3MLCT states are generated which decay via different channels in distinct timescales 
(Figure 2.5). The observed results indicate that the generally accepted notion that all slow and 
function determining photochemistry in Ru-polypyridyl complexes stems from a single low-
lying 3MLCT state might have to be reconsidered especially for heteroleptic complexes which 
would have complex structures of MLCT states. 
 
Figure 2.5. Simplified relaxation scheme for T1. ET1 and ET2 represent the first electron transfer, 
i.e. from 3MLCTPTZ-tpy to PTZ
•+–Ru(tpy)2





•-, respectively. EnT represents energy transfer. D1 only has 
ET1, i.e. from 3MLCTPTZ-tpy to PTZ
•+–Ru(tpy)2
•- and instead of EnT, 3MLCTtpy decays directly to 
ground state. For the MLCT states, the thicker bar indicates a higher population of the MLCT state 
upon excitation at 520 nm as indicated by resonance Raman spectroscopy. 
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2.2. The directionality of electron transfer  
Studies on T1 reveal that photoexcitation of the asymmetric –tpy–Ru–tpy– photosensitizer 
(due to the unequal substitution on tpy ligands) leads to differently distributed negative 
charges on the two tpy ligands and the resultant distinct 3MLCT states decay independently. 
This observation motivated us to further investigate –tpy–Ru–tpy– based asymmetric D–
Ru(tpy)2–A systems. In this section, C60 was replaced by a Keggin-type polyoxometalate 
([PW11O39Ge]
4−) and a molecular spacer was incorporated to slow down the backward 
electron transfer (i.e. PTZ-Ru-POM, Scheme 2.2). In addition, a much stronger electron 
donor π-extended tetrathiafulvalene (exTTF) was used instead of PTZ (i.e. exTTF-Ru-POM, 
Scheme 2.2) to increase the driving force for charge separation.  
 
Scheme 2.2. Molecular triads and its reference dyads discussed in this section. POM is 
[PW11O39Ge]
4- and BMIm+ stands for the 1-butyl-3-methyl-1H-imidazol-3-ium cation. Color code: 
WO6 octahedron, blue; PO4 tetrahedron, green. 
Note: I would like to point out that T1, D1 and their derivatives will be discussed throughout this 
thesis (Chapter 2–Chapter 4), so the simplest nomenclature was used. While for the POM-based 
system a detailed nomenclature was employed to specify each compound.   
UV/Vis absorption and emission spectra. Due to the limited solubility of the POM, the 
UV/Vis absorption spectra were measured in dimethyl sulfoxide (DMSO, Figure 2.6a). All 
Ru(II) compounds show the typical absorption features of [Ru(tpy)2]
2+ as discussed for Figure 
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2.1a. The additional band at around 262 nm in Ru-POM, PTZ-Ru-POM and exTTF-Ru-
POM is attributed to the absorption of the POM (grey line, Figure 2.6a). Next to the tpy-
absorption band at 314 nm, there is a shoulder at 360 nm for Ru, Ru-POM, PTZ-Ru-POM 
and exTTF-Ru-POM, which is associated with the π-π transitions in the molecular 
spacer.104,105 Furthermore, the attachment of PTZ and exTTF causes a distinct red shift of the 
MLCT band (ca. 15 nm) compared to Ru. This is due to the extended electron delocalization 
between tpy and PTZ / exTTF orbitals.104,105 The absorption band at 435 nm in exTTF-Ru 
(and also in exTTF-Ru-POM but less prominent) is owing to the absorption of the exTTF 
moiety.106,107 
      First insight into the interaction of the individual units in the dyads and triads is gained 
from the emission spectra. Upon excitation of 1MLCT transition (λex = 520 nm) the emission 
of Ru-POM is decreased by 15% compared to the intrinsically rather weak emission of the 
mono-ruthenium complex Ru. This indicates an oxidative quenching pathway of the 3MLCT 
states in Ru-POM. With an additional electron donor PTZ (PTZ-Ru-POM) a further 
quenched emission is observed, i.e. the emission intensity is reduced by 40% compared to Ru. 
For the compounds containing a stronger electron donor exTTF, the emission is fully 
quenched. This points to a reductive quenching pathway of the 3MLCT states being operative 
in PTZ-Ru-POM, exTTF-Ru-POM and exTTF-Ru.   
 
Figure 2.6. (a) UV/Vis absorption spectra and (b) emission spectra (isoabsorbing solutions at λex = 
520 nm) in aerated DMSO. The emission spectra were normalized to the Raman band of DMSO 
(asterisk, grey line) and share the same color code to (a). The extinction coefficients of the 
absorption spectra were reported in ref 104.  
Photoinduced dynamics. To explore the deactivation processes of the 3MLCT states in these 
Ru(II) compounds, fs TA spectroscopy with a short (up to 1.8 ns) and long (up to 9.5 ns) 
optical delay line was employed. The excitation wavelength was kept at 520 nm. 
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Interpretation of the fs TA data for PTZ-Ru-POM can be done by referring to D1 (i.e. PTZ-
Ru) and Ru-POM. Selected results of D1 (Figure 2.7c) and Ru-POM (Figure 2.7d) from fs 
TA data are shown in terms of decay-associated spectra (DAS) since the spectral features of 
D1 in DMSO are quite similar to that in DCM (Figure 2.4c) and Ru-POM do not show 
distinct spectral changes within the experimental window (~9.5 ns). For D1, the two 
processes, i.e. electron transfer (τ1 = 23 ps) and relaxation of 
3MLCTtpy state (τ2 = 1310 ps), 
are decelerated in DMSO compared to that in DCM (Figure 2.4d). τ3 = 4300 ps represents the 
charge recombination of PTZ•+–Ru(tpy)2
•-. For Ru-POM, the fastest component (τ1 = 1.3 ps) 
is assigned to the vibrational cooling and interligand electron transfer within the 3MLCT 
manifold.87 As a result, a thermalized 3MLCT state is formed, for which the excess electron 
density is localized on the ligand with the lowest accepting orbitals, i.e. the extended tpy–
POM ligand (i.e. 3MLCTtpy-POM state). The second component (τ2 = 5400 ps) describes the 
decay of the thermalized 3MLCTtpy-POM state. Furthermore, a small offset is required in order 
to account quantitatively for the data (τinf in Figure 2.7b, which will be discussed later). 
 
Figure 2.7. (a) fs transient absorption spectra at selected delay times upon excitation at 520 nm in 
aerated DMSO for PTZ-Ru-POM. Decay-associated spectra of (b) PTZ-Ru-POM, (c) D1 (i.e. 
PTZ-Ru) and (d) Ru-POM obtained from the global fit of the fs TA data. Inset: normalized (at 
105 ps) integrated kinetics at spectral region 360–370 nm (red) and 580–590 nm (black) where the 
PTZ•+ dominates. 
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      For PTZ-Ru-POM, between 0.3 and 10 ps, a slight increase of the TA signal is observed 
at around 366 and 590 nm which is indicative of the formation of PTZ•+ (Figure 2.2c). The 
TA signal increase is clearly shown in the integrated kinetics at 360–370 nm and at 580–590 
nm where the PTZ•+ dominates (Inset in Figure 2.7a). Thus, PTZ•+ is generated within the first 
100 ps indicating the population of a charge-separated state. Correspondingly, the first 
component in DAS (τ1 = 21 ps, Figure 2.7b), which owns a similar spectral shape and kinetics 
to that of D1 (τ1 = 23 ps, Figure 2.7 c), is assigned to the formation of PTZ
•+–Ru(tpy)2
•-–POM 
from a 3MLCT state. τ3 = 4300 ps reveals an absorption shoulder at 590 nm indicating the 
recombination of PTZ•+–Ru(tpy)2
•-–POM. Apparently, PTZ-Ru-POM and D1 have very 
similar rate constants for the formation and recombination of the PTZ•+/Ru(tpy)2
•- radical pair. 
τ2 = 980 ps resembles the second component observed in Ru-POM (τ2 = 5400 ps, Figure 
2.7d), and thus, is attributed to the decay of the 3MLCTtpy-POM state. Additionally, a small 
offset is needed to completely describe the fs TA data. Notably, the decay of the 3MLCTtpy-
POM state (i.e. 980 ps) is relatively slow compared to the electron transfer process (i.e. 21 ps). 
Considering the relaxation model developed for PTZ–Ru–C60 triad (Figure 2.5), PTZ-Ru-
POM has independent decay pathways originating from the individual 3MLCT states which 
do not kinetically compete with each other: The 3MLCT state distributed on the PTZ–tpy 
ligand (i.e. 3MLCTPTZ-tpy state) undergoes reductive quenching (i.e. electron transfer) to 
generate PTZ•+–Ru(tpy)2
•-–POM while the 3MLCT state distributed on the tpy–POM ligand 
(i.e. 3MLCTtpy-POM state) decays separately.  
 
Figure 2.8. Ratios of the integrated band areas between the PTZ (APTZ-tpy) and tpy (Atpy-C60 for T1 
and Atpy-POM for PTZ-Ru-POM) associated RR bands as a function of excitation wavelengths. 
Note: The red line (T1) was taken directly from Figure 2.3b.  
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      The similarity of the initially populated MLCT states in PTZ-Ru-POM and T1 (i.e. PTZ–
Ru–C60) is demonstrated by the excitation wavelength-dependent RR spectra (Figure 2.8, RR 
spectra of PTZ-Ru-POM, see [P3]): Decreasing the excitation wavelength from 515 to 458 
nm leads to decreased RR signals of PTZ associated bands both in PTZ-Ru-POM and T1 
(Figure 2.8). This indicates a decreased excess electron density shift towards the PTZ–tpy 
ligand during 1MLCT transition. However, the energetic ordering of the MLCT states is 
considered to be inverted in the triplet manifold as already deduced for T1, i.e. the 3MLCTtpy-
POM state is considered to be energetically lower than the 
3MLCTPTZ-tpy state, and thus, a 
relatively slow decay of the 3MLCTtpy-POM state (980 ps) can be observed. 
 
Figure 2.9. fs transient absorption spectra at selected delay times (a, c) and decay-associated 
spectra (b, d) of exTTF-Ru-POM (a, b) and exTTF-Ru (c, d) in aerated DMSO upon excitation at 
520 nm. 
      This observation holds true for exTTF-Ru-POM which contains the stronger electron 
donor exTTF (EexTTF+/0 = –0.16 V while EPTZ+/0 = 0.37 V vs. Fc
+/0 in DMF, electrochemical 
data see [P3]). From 0.3 to 10 ps, the ESA of 3MLCT state decreases meanwhile a new band 
appears at 595 nm (Figure 2.9a). This new band is attributed to the absorption of exTTF•+ 
which displays two negative peaks at 360 and 430 nm accompanied with two broad 
absorption bands at around 610 and 660 nm in dichloromethane.107 Correspondingly, the first 
component (τ1 = 7.7 ps) in Figure 2.9b shows decreased TA signals at 370 and 430 nm 
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indicating the formation of exTTF•+.107 Hence, exTTF•+–Ru(tpy)2
•-–POM is generated with a 
time constant of 7.7 ps. The second component (τ2 = 273 ps), which leads to a decreased TA 
signal at 595 nm and the recovery of bleach at 430 nm, is attributed to the recombination of 
exTTF•+–Ru(tpy)2
•-–POM. These assignments are supported by the fs TA data of the 
reference dyad exTTF-Ru which shows the formation and recombination of exTTF•+–
Ru(tpy)2
•- with a time constant of 6.2 and 230 ps, respectively (Figure 2.9c and d). The slow 
process in exTTF-Ru-POM (τ3 = 1700 ps, Figure 2.9b), which reveals a spectral shape 
similar to the third component observed in PTZ-Ru-POM, is assigned to the decay of the 
3MLCTtpy-POM state. As a consequence, a branching decay of the 
3MLCT states is observed 
irrespective of which electron donors (PTZ or exTTF) were used. Namely, the 3MLCTPTZ-tpy 
(or 3MLCTexTTF-tpy) state undergoes reductive quenching to populate a charge-separated state 
while the 3MLCTtpy-POM state decays separately.  
 
Figure 2.10. (a) Normalized integrated kinetic trace of the ns TA data (λex = 520 nm) at the 
wavelength region between 540 and 750 nm. (b) Selected normalized (at 680 nm) global fit results 
of the ns TA data. For PTZ-Ru-POM only the long-lived species is shown here. The green dashed 
line shows the simulated absorption spectrum of RuIII(tpy)2–POM
•-
 which is the sum of the 
spectrum of one-electron oxidized Ru and one-electron reduced POM. All data shown here were 
collected in aerated DMSO. 
      Interestingly, the 3MLCTtpy-POM state in Ru-POM, PTZ-Ru-POM and exTTF-Ru-POM 
does not decay to ground state directly. Instead, two kinetically distinct processes of the ns 
TA data are observed (Figure 2.10a). This is different to Ru in which the 3MLCTtpy-POM state 
decays mono-exponentially within 50 ns (Figure 2.10a). It indicates that POM provides an 
additional decay channel for the 3MLCTtpy-POM state in Ru-POM, PTZ-Ru-POM and 
exTTF-Ru-POM. Selected global fit results of the ns TA data are shown in Figure 2.10b. 
Ru-POM yields a short-lived component, τns1 ≤ 10 ns, which has a much stronger 
contribution to the overall ns decay (91%) than the long-lived species (τns2 = 470 ns, 9% 
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contribution). The short-lived component in Ru-POM resembles the decay kinetics as well as 
the spectral features of Ru (Figure 2.10b), and thus, is attributed to the decay of the 
3MLCTtpy-POM state. However, the relaxation of the 
3MLCTtpy-POM state does not exclusively 
repopulate the ground state but a small fraction decays via the POM-associated intermediate 
state (whose decay is associated with τns2). The τns2 species, whose lifetime is insensitive to 
the existence of oxygen (470 ns in aerated solution vs. 570 ns in deaerated solution, for ns TA 
data in deaerated solution see supporting information of [P2]), is assigned to the charge-
separated state RuIII(tpy)2–POM
•- which is further supported by the SEC simulation of the 
absorption of RuIII(tpy)2–POM
•- (green dashed line, Figure 2.10b, which was obtained by 
simply adding up the absorption of RuIII(tpy)2 and POM
•-). Similar results are observed for 
PTZ-Ru-POM and exTTF-Ru-POM which also generate a relatively short-lived component 
(τns1 ≤ 10 ns, not shown here, similar spectral shape to the τns1 species in Ru-POM) and a 
long-lived species (τns2 = 574 and 320 ns, respectively). Figure 2.10b exemplarily shows the 
long-lived species (τns2 = 574 ns) in PTZ-Ru-POM, which apparently resemble the τns2 
species in Ru-POM. This implies that instead of the fully charge-separated state, i.e. PTZ•+–
Ru(tpy)2–POM
•-, τns2 refers to the decay of a partially charge-separated state, i.e. PTZ–
RuIII(tpy)2–POM
•-.  
      The oxidative quenching rate of the 3MLCTtpy-POM state in PTZ-Ru-POM can be 
estimated by kET = 1/τ – 1/τ0, τ = 0.98 ns (Figure 2.7b) and τ0 = 6.5 ns in Ru (determined by 
the long optical delay line, see supporting information of [P2]). This yields a POM reduction 
rate of kET = 8.7 × 10
7 s-1 (i.e. 1.2 ns). While for exTTF-Ru-POM no emission is observed 
(Figure 2.6b), and thus, the electron transfer from the 3MLCTtpy-POM state to exTTF–
RuIII(tpy)2–POM
•- is characterized by τ3 = 1.7 ns as shown in Figure 2.9b. The observation of 
such an oxidative quenching of the 3MLCT state is quite interesting because a relatively slow 
intramolecular electron transfer occurs (with time constants of 1.2 and 1.7 ns) despite the 
short excited-state lifetime of the Ru(tpy)2 photosensitizer. Combining the fs TA results, we 
conclude that there are two directions of electron transfer in PTZ-Ru-POM and exTTF-Ru-
POM (Figure 2.11):  
 The 3MLCTPTZ-tpy (or 
3MLCTexTTF-tpy) state undergoes fast electron transfer (tens of 





 While the 3MLCTtpy-POM state decays via slow electron transfer (in ns timescale) from 








Figure 2.11. Schematic illustration of the different relaxation pathways which are determined by 
the specific 3MLCT states excited. The grey color denotes the triad containing exTTF donor. 
      The fully charge-separated state, i.e. PTZ•+–Ru(tpy)2–POM
•- or exTTF•+–Ru(tpy)2–POM
•-, 
is not formed no matter which electron donor is used (Figure 2.11). Nevertheless, this further 
electron-shifting process (i.e. ET2 in Figure 2.11) is energetically downhill with a free Gibbs 
energy change of –ΔG = 0.21 and 0.14 eV (for detailed calculation see [P3]) for PTZ-Ru-
POM and exTTF-Ru-POM, respectively. This might be due to that the activation barrier for 
ET2 (Figure 2.11) is still too high for the electron to overcome. To corroborate this 
speculation, in the next step the photoinduced electron transfer processes should be studied by 
temperature dependent fs TA spectroscopy, e.g. to see if the fully charge-separated state could 
be formed upon increasing the temperature.     
      To sum up, the D–Ru(tpy)2–A systems presented in this chapter highlight the effects of 
the electronically and structurally distinct 3MLCT states in Ru(tpy)2 on the subsequent decay 
pathways. It is found that instead of generating the lowest-lying 3MLCT state the two 
different 3MLCT states decay via separate channels. In PTZ–Ru(tpy)2–C60 system, selective 
electron transfer and energy transfer towards C60 can be achieved by tuning the excitation 
wavelength. While in PTZ–Ru(tpy)2–POM system, the directionality of electron transfer is 
determined by the specific 3MLCT excited. Thus, these results point out that the general 
picture that the slow photochemistry in Ru(II)-polypyridyl complexes originates from the 
lowest-lying 3MLCT state might have to be revisited to account for more complex 
coordination spheres of the photosensitizers.  
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3. Electron transfer rates: distance, solvent polarity 
and temperature dependence 
Parts of this chapter are published in: 
[P4] Y. Luo, K. Barthelmes, M. Wächtler, A. Winter, U. S. Schubert and B. Dietzek, Increased Charge 
Separation Rates with Increasing Donor-Acceptor Distance in Molecular Triads: The Effect of Solvent 
Polarity. J. Phys. Chem. C, 2017, 121, 9220−9229. 
[P5] Y. Luo, M. Wächtler, K. Barthelmes, A. Winter, U. S. Schubert and B. Dietzek, Superexchange 
on the Fast Lane – Intramolecular Electron Transfer in a Molecular Triad Occurs by 
Conformationally-Gated Superexchange. Chem. Commun., 2019, 55, 5251−5254.  
 
Scheme 3.1. Molecular triads T1–T3 studied in this chapter. Different molecular spacers were 
inserted between Ru(tpy)2 and C60 to vary the distance for electron transfer. The center-to-center 
distance was obtained from the optimized molecular structure.95 
Photoinduced Electron Transfer Dynamics in Ruthenium(II) Bis(terpyridine) Based Molecular Dyads and Triads 
30 
 
For efficient solar-to-energy conversion, exploring the way to increase the charge-separation 
efficiencies (i.e. fast forward electron transfer) and to improve the stability of CSS (i.e. slow 
backward electron transfer) is of great importance. Various factors, e.g. solvent, D–A distance 
and the nature of the molecular spacer, have been shown to significantly impact electron 
transfer rates.11-15 The influence of solvent is reflected either by polarity (e.g. which could 
change the driving force for electron transfer)108-110 or viscosity111,112 or by hydrogen-bonding 
with the CSS (e.g. which could slow down the backward electron transfer).113-115 D–A 
distance, which can be tuned by adjusting the lengths of the molecular spacers, is of particular 
interest.5,11,13,14,53 Studies have found that electron transfer through molecular spacer is 
mediated by either coherent superexchange or incoherent hopping (or the combination of 
them).11,13,14,53,116 Extending the π-conjugated molecular spacer not only increases the D–A 
distance but also could reduce the energetic levels of the spacer states which makes the spacer 
energetically accessible for accepting an electron. As a result, a mechanism switch from 
superexchange to hopping was observed.62-70  
      This chapter presents the investigation on the electron transfer dynamics in three D–P–A 
triads (T1–T3, Scheme 3.1). Two different lengths of the molecular spacer were inserted 
between Ru(tpy)2 and C60 in T1. Studies on T1 (Chapter 2) reveal a two-step electron 
transfer process (ET1 and ET2) and an energy transfer (EnT) process taking place upon 
photoexcitation of Ru(tpy)2 (Figure 2.5). This chapter will only focus on ET2 to elucidate how 
the second electron transfer rates (kET2) depend on the Ru(tpy)2–C60 distance and the effect of 
solvent polarity on it. To this end, kET2 was studied in dichloromethane (ε = 8.93)
108,117 and 
acetonitrile (ε = 35.9)108,117 by fs TA spectroscopy. Furthermore, the stability of the fully CSS, 
i.e. PTZ•+–Ru(tpy)2–C60
•-, was evaluated in the two solvents by ns TA spectroscopy. Finally, 
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3.1. Distance and solvent polarity dependence  
 
Figure 3.1. (a) UV/Vis absorption spectra of T1–T3 in aerated dichloromethane (DCM, solid 
lines) and acetonitrile (ACN, dashed lines) recorded at room temperature.95  
UV/Vis absorption spectra. T2 and T3 show similar spectral features as observed for T1: 
The broad band in the visible region at around 500 nm is due to the MLCT transitions. 
Compared to T1 (peaked at 500 nm) the MLCT band is slightly red-shifted to 502 nm for T2 
and to 505 nm for T3 which is due to the extended π-conjugation on the tpy ligand.95 The UV 
region is dominated by the intense π-π transitions in tpy, PTZ and the molecular spacer. 
Increasing the solvent polarity from dichloromethane to acetonitrile leads to a slightly blue-
shifted MLCT band for T1–T3. In both solvents, no emission from the photo-excited Ru 
complex was found for T1–T3 (emission spectra see supporting information of [P4]).  
3.1.1. The forward electron transfer – ET2 
Photoinduced dynamics. For comparison with the results obtained for T1 (dichloromethane, 
Chapter 2), the excitation wavelength for T2 and T3 was kept at 520 nm. Figure 3.2 
exemplarily shows the fs TA spectra of T2 and T3 in dichloromethane: The fs TA spectrum at 
0.3 ps shows typical absorption features of the 3MLCT states in Ru(tpy)2 complexes, i.e. GSB 
at around 500 nm and two ESA bands at 340–450 nm and 530–750 nm. Notably, the ESA 
band in the wavelength region of 340–450 nm undergoes distinct red-shift from 380 nm in T2 
to 415 nm in T3. This is owing to the extended π-π conjugation at the 4’-position of the tpy 
ligand.91,99,105 At 1714 ps, T2 shows a quite similar spectral shape to that in T1 (Figure 2.4a): 
The absorption of PTZ•+ is visible at 473 and 590 nm while 3C60* absorbs at around 700 nm. 
For T3 the fs TA spectrum at 1714 ps is relatively unstructured but the peak at 590 nm for 
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PTZ•+ is still discernable. Three components and an offset corresponding to the long-lived 
species are needed to fit the fs TA data for T2 and T3 (Figure 3.2b and d). The assignment of 
each component follows the model proposed for T1 (Figure 2.5). That is, the first (τ1 = 4 and 
7 ps for T2 and T3, respectively) and the third component (τ3 = 535 and 794 ps for T2 and 
T3, respectively) are assigned to ET1 and ET2, respectively. The second component (τ2 = 63 
and 89 ps for T2 and T3, respectively) is attributed to the energy transfer step (i.e. EnT). 
Apparently, the rates of ET2 and EnT decrease with increasing Ru(tpy)2–C60 distance (Figure 
3.2b and d). In addition, changing the solvent from dichloromethane (DCM) to acetonitrile 
(ACN) does not introduce significant spectral changes to T1–T3. However, the rates of ET2 
(i.e. kET2) depend on the solvent polarity. Table 3.1 lists the time and rate constants as well as 
the driving force for ET2 in T1–T3. RRu-C60 represents the center-to-center distance which was 
obtained from the optimized molecular structures (Scheme 3.1).95 
 
Figure 3.2. fs transient absorption spectra at selected delay times (a, c) and decay-associated 
spectra (b, d) of T2 (a, b) and T3 (c, d) in aerated dichloromethane upon excitation at 520 nm. The 
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  –ΔG / eV τET2 / ps kET2×10
9 / s-1 
compound RRu-C60 / Å DCM ACN DCM ACN DCM ACN 
T1 9.3 0.56 0.72 457 716 2.2 1.4 
T2 13.4 0.43 0.66 535 585 1.9 1.7 
T3 20.8 0.40 0.55 794 480 1.3 2.1 
Table 3.1. Summary of the driving force (–ΔG), time constants and the corresponding rate 
constants for ET2 in dichloromethane (DCM) and acetonitrile (ACN) for T1–T3. The values of –
ΔG was obtained according to the electrochemical data (see [P4]) based on eq 2. 
      Notably, kET2 shows distinct distance dependence in solvents with different polarities. In 
DCM, kET2 decreases with increasing RRu-C60, while in ACN, kET2 increases by a factor of 1.5 
from the shortest triad T1 to the longest triad T3 (Table 3.1). This behavior is graphically 
reflected in Figure 3.3 (according to the linearization of eq 6, lnkET vs. RDA) that a negative 
slope (–0.046 Å-1) in DCM and a positive slope (+0.034 Å-1) in ACN are generated. Thus, the 
distance dependence of kET2 in T1–T3 can be switched by changing the solvent polarity. That 
is, a phenomenological positive β-value (+0.046 Å-1) in DCM and a negative β-value (–0.034 
Å-1) in ACN are yielded.  
 
Figure 3.3. Distance dependence of the second electron transfer rates (lnkET2) for T1–T3 in 
dichloromethane (DCM) and acetonitrile (ACN).  
      To rationalize the changed sign of the phenomenological β-value by changing the solvent, 
one might consider the following equation which relates β to the spacer length, r0, the energy 
gap between the donor and spacer states, Δ, and the electronic coupling within the subunits in 
the spacer, v:11,13,14,53,58       
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However, Albinsson and coworkers pointed out that for a structurally-related OPE (i.e. 
oligo(p-phenyleneethynylene)s) spacer Δ/v ≫ 1.34 This would only result in positive β-values 
according to eq 9. On the other hand, eq 9 may become invalid for this triad system since the 
molecular spacer in T3 cannot be treated as identical subunits according to the superexchange 
model.5,11,13,53 Furthermore, Albinsson and coworkers suggested a local β value based on a 
modified superexchange model that treats the spacers as a single tunneling barrier of width 
and height which can explain the unusual, non-exponential distance dependence of electronic 
coupling (i.e. HDA).
34 This modified model indicates that if the variation of the energy of the 
spacer states with distance is large then the local β value is negative.34 Nevertheless, the 
behavior observed in ACN where the electron transfer rates increase with extended donor-
acceptor distance is quite interesting and rare reported in literature. Wenger and coworkers 
observed a similar trend and they attributed this unusual distance dependence to the interplay 
between λ (reorganization energy) and HDA based on the Marcus theory and the 
superexchange model.24,27,29 The distance dependence of electron transfer rates were 
simulated under various parameters function (i.e. β, λ, HDA, −ΔG).  
      On the basis of the method reported by Wenger and coworkers,27 the distance dependence 
of kET as a function of diverse parameters in our system was simulated. Figure 3.4 
exemplarily shows the different distance dependence of kET in the two solvents which display 
that in a certain RDA region kET decreases / increases with increasing distance in DCM / ACN, 
and thus, different slopes with opposite signs can be generated (according to eq 6). However, 
the simulation cannot quantitatively describe our experimental results within a reasonable 
breadth of parameters, which might be the reason that only positive β-values and exponential 
distance dependence of HDA (eq 5) were considered in this simulation. This indicates that the 
frequently used relation (eq 6) is oversimplified for our system because eq 6 is derived from 
the assumption that the distance dependences of –ΔG and λ are weak (so the exponential term 
in Marcus equation, i.e. eq 1, is constant with distance).27 However, apparently the distance 
dependence of the driving force –ΔG for ET2 cannot be ignored (Table 3.1). Thus, either an 
extended model accounting for the non-exponential distance dependent HDA
34 or a different 
electron transfer mechanism, i.e. the contribution from incoherent hopping, may have to be 
taken into account. In Chapter 3.2, the electron transfer mechanism for ET2 will be 
discussed. 




Figure 3.4. Distance dependence of kET resulting from the Marcus equation and superexchange 
model.27 The parameters used for simulation are as follows: (i) the outer-sphere reorganization 
energy was estimated by eq 4: ACN, n = 1.3416, ε = 35.9 and DCM, n = 1.4212, ε = 8.93. a1 = 9.6 
Å and a2 = 4.5 Å: ET2 occurs from an intermediate state PTZ
•+–Ru(tpy)2
•−–C60, the electron 
density is thought to be delocalized over the conjugated PTZ and Ru complex unities, and thus the 
radius of the donor (a1) was estimated to be 9.6 Å according to the optical molecular structure. The 
inner-sphere reorganization energy λi = 0.1 eV and usually is considered as distance independent. 
(ii) H0 = 100 cm
−1 is taken from ref 27. (iii) Driving forces −ΔG is 1.0 eV and 0.8 eV in DCM and 
ACN, respectively. The values of −ΔG are based on the fact that the absolute values of −ΔG in 
DCM are ca. 25% higher than that in ACN (Table 3.1). It should be pointed out that in practice 
−ΔG is also distance dependent, but in this simulation we assumed −ΔG is constant with distance. 
3.1.2. The backward electron transfer – the stability of CSS 
The fs TA data shown above reveal that the fully charge-separated state PTZ•+–Ru(tpy)2–C60
•- 
is generated in T1–T3. This conclusion is further corroborated by ns TA spectroscopy 
(discussed in this section). The ns TA spectra of T2 and T3 resemble the spectral features of 
T1 (Figure 2.2a), which show the PTZ•+ and 3C60* associated ESA band at 590 and 700 nm, 
respectively (Figure 3.5). However, the relative intensities of the two bands (corresponding to 
electron transfer and energy transfer) as well as the lifetime of PTZ•+–Ru(tpy)2–C60
•- change 
with the D–A distance and solvent polarity. For example, at 20 ns the ratio between the bands 
at 590 and 700 nm (IET / IEnT) decreases from 1.36 (T2) to 0.65 (T3) in DCM (Figure 3.5). At 
the same time PTZ•+–Ru(tpy)2–C60
•- and 3C60* decay faster in T2 than T3. Time constants of 
the charge recombination for T1–T3 in the two solvents are summarized in Table 3.2. I would 
like to point out that due to the fast charge recombination of PTZ•+–Ru(tpy)2–C60
•- in T1 in 
ACN, the exact time constant cannot be obtained under the time resolution (~10 ns) of the 
setup. 




Figure 3.5. ns transient absorption spectra at selected delay times of T2 (a) and T3 (b) in aerated 
dichloromethane upon excitation at 520 nm. For comparison, all spectra were normalized to the 
absorption maximum at 700 nm at 20 ns.       
  τCR / ns IET / IEnT 
compound RPTZ-C60 / Å DCM ACN DCM ACN 
T1 18.3 20 < 10  2.5 – 
T2 22.9 52 19 3.1 3.3 
T3 30.1 180 94 0.6 2.1 
Table 3.2. Summary of time constants for charge recombination (τCR) of PTZ
•+–Ru(tpy)2–C60
•- and 
the comparison between absorption intensities of PTZ•+–Ru(tpy)2–C60
•- and 3C60
* in aerated 
dichloromethane (DCM) and acetonitrile (ACN) for T1–T3. The center-to-center distance RPTZ-C60 
was estimated from the optimized molecular structures.95  
From Table 3.2 some conclusions can be drawn: 
 Distance effect: In DCM and ACN, the lifetime of PTZ•+–Ru(tpy)2–C60
•- becomes 
longer from T1 to T3. In other words, a slower backward electron transfer rate is 
achieved with a larger D–A distance. This in turn corroborates the formation of the 
fully charge-separated state PTZ•+–Ru(tpy)2–C60
•- instead of the partially charge-
separated state PTZ•+–Ru(tpy)2
•-–C60 (otherwise similar lifetimes would be expected).  
 Polarity effect: Charge recombination is faster in a high polar solvent, i.e. ACN, than 
that in a low polar solvent, i.e. DCM for all the triads. 
 The yield of PTZ•+–Ru(tpy)2–C60
•- differs with triads and solvent polarity. The yield in 
T2 is the highest and is barely influenced by solvent polarity. However, for T3 the 
yield of PTZ•+–Ru(tpy)2–C60
•- is increased by a factor of 3 in ACN compared to DCM. 
The influence of solvent polarity on the yield of PTZ•+–Ru(tpy)2–C60
•- in T3 could be 
rationalized by the distinct kinetics for ET1 in ACN and DCM (2.0 vs. 7.0 ps, 
respectively, for the fs TA data in ACN see [P4]). Compared to ET1 in ACN (with a 
3. Electron transfer rates: distance, solvent polarity and temperature dependence 
37 
 
time constant of 2 ps), ET1 in DCM (with a time constant of 7 ps) becomes less 
competitive with the interligand electron transfer which would convert 3MLCTPTZ-tpy 
to 3MLCTtpy-C60 state to generate 
3C60* (see model in Figure 2.5). As a result, a smaller 
percentage of the 3MLCTPTZ-tpy state undergoes ET1 in DCM than that in ACN, which 
leads to less PTZ•+–Ru(tpy)2–C60
•- in DCM. While for T2, the time constants for ET1 
in ACN and DCM are quite similar (i.e. 6 and 4 ps, respectively, for the fs TA data in 
ACN see [P4]). Thus, nearly identical yields of PTZ•+–Ru(tpy)2–C60
•- in the two 
solvents are obtained in T2. 
      In short, the studies on T1–T3 reveal that both forward and backward electron transfer 
rates can be altered by the D–A distance and solvent polarity. The backward electron transfer 
rates are found to decrease with increasing D–A distance independent of solvent polarity 
while the forward electron transfer (ET2) shows opposing distance dependence which is 
controlled by the solvent polarity. 
3.2. Temperature dependence: Electron transfer mechanism  
The results shown above indicate that the generally used β-values for distinguishing between 
superexchange and hopping may become invalid in some cases, e.g. a negative β-value is 
obtained in ACN (Figure 3.3). Furthermore, the rather small β-value (0.046 Å-1) in DCM 
would normally be attributed to a hopping mechanism.11,13,14,53 However, as mentioned in 
Chapter 1, differentiating electron transfer mechanisms by the magnitude of β-value may 
lead to misconceptions as pointed out by Wasielewski and Albinsson.60,61 Thus in this section, 
to gain insights into the electron transfer mechanism underlying ET2 temperature-dependent 
kET2 will be studied which according to literature is another way (apart from the distance-
dependent studies) to understand the electron transfer mechanisms.61,71-75 To this end, fs TA 
spectroscopy was performed from 300 to 230 K in DCM. Furthermore, as discussed in 
Chapter 1, changes in solvent dielectric properties (which would make λ and –ΔG to become 
temperature-dependent) might superimpose the changes caused by a switch in electron 
transfer mechanisms.61,71-75 Herein, the discussion of temperature-dependent kET2 will be 
conducted with the consideration of the temperature-dependent solvent properties. With the 
analysis of the distance- and temperature-dependent kET2 the electron transfer mechanism for 
ET2 can be understood.    
Photoinduced dynamics as a function of temperature. The fs TA spectra of T1–T3 were 
collected upon excitation at 520 nm in the temperature range of 300–230 K in DCM. Figure 
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3.6 exemplarily shows fs TA spectra recorded at 270 K for T1–T3 which are quite similar to 
that recorded at room temperature (Figure 3.2 and Figure 2.4a for T1). Owing to the fact that 
the fs TA spectra do not display significant changes upon decreasing temperature (for each 
compound), the model developed at room temperature (see Figure 2.5) can be applied to 
analyze the temperature dependent data. Namely, three kinetic components and an offset were 
used to account for the data in the temperature range between 300 and 230 K. Apparently, 
time constants for ET1, ET2 as well as EnT are temperature dependent. In this section we still 
focus on ET2 with the aim of elucidating the electron transfer mechanism (the temperature 
dependence of ET1 will be discussed in Chapter 4). Time constants for ET2 as a function of 
temperature are listed in Table 3.3.  
 
Figure 3.6. fs transient absorption spectra at selected delay times (a, c, e) and decay-associated 
spectra (b, d, f) of T1 (a, b), T2 (c, d) and T3 (e, f) in aerated dichloromethane upon excitation at 
520 nm at 270 K.  
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 τET2 / ps kET2 ×10
9 / s-1 
T / K T1 T2 T3 T1 T2 T3 
300 334 500 690 2.99 2.00 1.45 
280 421 569 740 2.38 1.76 1.35 
270 580 943 862 1.72 1.06 1.16 
260 712 996 850 1.40 1.00 1.18 
250 774 1267 924 1.29 0.79 1.08 
240 886 – 943 1.13 – 1.06 
230 – 1615 1006 – 0.62 0.99 
Table 3.3. Temperature dependence of the time constants (τET2) and the corresponding rate 
constants (kET2) for the second electron transfer process (ET2) in T1–T3.  
      Basically, τET2 increases with decreasing temperatures indicating decelerated electron 
transfer rates (kET2) at lower temperatures (Table 3.3). Consistent with the result at room 
temperature in DCM (Figure 3.3), kET2 decreases with increasing D–A distance at 300 and 
280 K. However, when further decreasing the temperatures kET2 in T3 becomes larger than 
that in T2 (Table 3.3). The distance dependence of kET2 at different temperatures is depicted in 
Figure 3.7a (based on eq 6). That is, at 300 and 280 K lnkET2 displays a single linear relation 
with distance RRu-C60. However, upon decreasing the temperature from 270 K to 230 K a 
minimal kET2 is observed at T2. In other words, electron transfer rates do not decay 
exponentially with increasing D–A distance in the temperature range between 270 and 230 K. 
Such appearance of a slope change is attributed to a switch in electron transfer mechanism 
from superexchange (T1 and T2) to hopping (T3).62-70 To get further information on the 
electron transfer mechanism in the entire investigated temperature range, the temperature 
dependence of kET2 is evaluated by eq 8 (Figure 3.7b). In doing so, we explicitly take into 
account the temperature dependence of the solvent’s dielectric properties. Both λ (estimated 
by eq 3–4) and activation energy ΔGǂ, i.e. (λ+ΔG)2/4λ, are nearly temperature independent for 
ET2: From 300 to 230 K, λ and (λ+ΔG)2/4λ show changes smaller than 2% and 8%, 
respectively (details see supporting information of [P5]). Thus, the solvent itself would not 
induce significant deviations to the Marcus analysis (eq 8). Figure 3.7b illustrates that kET2 
can be well described by the Marcus equation (eq 8) and no slope-changes indicating different 
electron transfer mechanisms in different temperature ranges are apparent.61,71-75 Accordingly, 
combined with the results from Figure 3.7a, we conclude that from 300 to 230 K electron 
transfer in T1 and T2 occurs via superexchange while incoherent hopping must be dominant 
in T3. Hopping being operative in T3 can be understood by the long conjugated molecular 
spacer between Ru(tpy)2 and C60. Extension of the π-conjugation could reduce the energetic 
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levels of the spacer states which makes the spacer available for accepting an electron.13,53,62 In 
addition, structural changes of the molecular spacer in the excited state should be considered 
especially for the long conjugated π-system which might impact the distance- and temperature 
dependence of kET. Literature has reported that electron transfer can be gated by the torsional 
motion in molecular spacers.118-120 For T3 this would relate to the torsional motion in the 
alkoxy substituted oligo(p-phenyleneethynylene)s molecular spacer. However, the activation 
energy ΔGǂ for ET2 in T3 extracted from Figure 3.7b is only 0.04 eV (Table 3.4), which is ten 
times smaller than the calculated torsional barrier (0.3–0.6 eV, depending on the actual 
theoretical method used) for related oligo(p-phenyleneethynylene)s molecular spacers.121,122 
Hence, ET2 in T3 does not appear to be gated by the torsional dynamics of the ligand system. 
 
Figure 3.7. (a) Plots of ln(kET2) vs. the center-to-center distance for ET2 (RRu-C60). The solid line 
represents the linear fit of the data at 300 and 280 K which yield the attenuation factor β = 0.060 
and 0.048 Å-1, respectively. The dashed lines are given to show the trend of electron transfer rates 
as a function of distance. (b) Plots of ln(kET2·T
1/2) vs. 1/T for ET2 in T1–T3 with the corresponding 
linear fit. Bottom: Simplified graphical representation of the temperature-activated geometry of Ru 
photosensitizer for superexchange. Color code: Red Ru, blue N, grey C. 
       




 T1 T2 T3 
–ΔG / eV 0.56 0.43 0.40 
λ / eV 1.36 1.17 0.77 
HDA / cm
-1 35 28 5 
ΔGǂ / eV 0.1 0.1 0.04 
Table 3.4. Summary of driving force (–ΔG), reorganization energy (λ), electronic coupling (HDA) 
and activation energy (ΔGǂ) obtained from the experimental results displayed in Figure 3.7b for 
ET2 in T1–T3. –ΔG was calculated based on eq 2 and electrochemical data reported in ref 95. 
      Noteworthily, ET2 in T3, taking place via hopping, has weaker temperature dependence 
(i.e. a flatter slope) than the superexchange in T1 and T2 (Figure 3.7b). Owing to λ > |–ΔG| 
(Table 3.4) ET2 occurs in the Marcus normal region for T1–T3. Hence, the weak temperature 
dependence of kET2 in T3 is not due to the electron transfer occurring in the Marcus inverted 
region where kET shows very weak or even no temperature dependence.
76,118 To the best of my 
knowledge, this is the first observation of superexchange having stronger temperature 
dependence than hopping in structurally-related systems: Molecular assemblies containing 
electron donors π-extended tetrathiafulvalenes (exTTF), phenothiazine (PTZ), porphyrin, 
ferrocene and electron acceptors fullerene (C60), perylene.
61,71-75 All these studies on 
temperature-dependent electron / hole transfer rates pointed out that incoherent hopping is 
more sensitive to temperature change than coherent superexchange.61,71-75 Nevertheless, none 
of these studies in literature is concerned with Ru-polypyridyl photosensitizers. For this type 
of photosensitizers, upon excitation, the negative charges are distributed on the ligands which 
have specific mutual orientation. Thus, I would correlate the observation of the pronounced 
thermally activated superexchange in T1 and T2 to the specific geometry of the –tpy–Ru–
tpy– photosensitizer. According to the relaxation model in Figure 2.5, ET2 takes place from 
the reduced tpy ligand, i.e. PTZ•+–tpy•-–Ru–tpy–C60, to C60 acceptor. However, the orbitals 
carrying the excess charges on the PTZ–tpy ligand are spatially orthogonal to the orbitals on 
the tpy–C60 ligand (Figure 3.7, bottom). Superexchange requires orbital overlap.
53 Thus, ET2 
via superexchange can only occur in the thermally activated structures, i.e. slightly distorted 
geometries of –tpy–Ru–tpy– (Figure 3.7, bottom). As a result, electron transfer via 
superexchange in T1 and T2 is more sensitive to temperature change than electron hopping in 
T3. While for the temperature-dependent studies in literature, electron transfer takes place 
from rather planar organic photosensitizers, i.e. excited C60, porphyrin and perylene 
derivatives,61,71-75 the thermal population of a specific conformation of the photosensitizers is 
not necessarily needed to trigger electron transfer via superexchange. Thus, generally kET via 
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superexchange shows weaker temperature dependence than hopping.61,71-75 The finding in our 
system highlights the effect of the specific geometrical structures of the –tpy–Ru–tpy– 
photosensitizer on the electron transfer dynamics in D–Ru(tpy)2–A triad. 
      In this chapter, the influence of D–A distance and solvent polarity on electron transfer 
rates kET2 is discussed. Interestingly, inverted distance dependence of kET2 is observed in T1–
T3 by simply changing the solvent polarity. The numerical simulation based on the Marcus 
theory (eq 1) and superexchange model (eq 5) can only qualitatively describe the distinct 
distance dependence of kET2 observed here. This points to either a model extension (e.g. by 
employing non-exponential distance dependent HDA) or a different electron transfer 
mechanism should be considered. Subsequently, kET2 was studied as a function of temperature 
by fs TA spectroscopy to understand the electron transfer mechanism underlying ET2. The 
combined analysis of distance- and temperature-dependent kET2 indicates that from 300 to 230 
K incoherent hopping is the dominant mechanism for T3 while coherent superexchange is 
operative in T1 and T2 despite a rather small β-value (0.046 Å-1) is observed at room 
temperature (in dichloromethane). The studies here are in agreement with recent reports60,61 
that conclusions on the specific electron transfer mechanism cannot be made solely based on 
the β-value. Noteworthily, a weaker temperature dependence of hopping as compared to 
superexchange is observed. This is rationalized by the specific geometrical and electronic 
structure of the Ru(tpy)2 photosensitizer. Hence, the generally reported temperature sensitivity 
that hopping has stronger temperature dependence than superexchange should not be the 
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4. Electronic coupling: The remote substituent 
effects 
Parts of this chapter are published in: 
[P5] Y. Luo, M. Wächtler, K. Barthelmes, A. Winter, U. S. Schubert and B. Dietzek, Superexchange 
on the Fast Lane – Intramolecular Electron Transfer in a Molecular Triad Occurs by 
Conformationally-Gated Superexchange. Chem. Commun., 2019, 55, 5251–5254. 
[P6] Y. Luo, J. H. Tran, M. Wächtler, M. Schulz, K. Barthelmes, A. Winter, S. Rau, U. S. Schubert 
and B. Dietzek, Remote Control of Electronic Coupling – Modification of Excited-State Electron 
Transfer Rates in Ru(tpy)2-Based Donor-Acceptor Systems by Remote Ligand Design. Chem. 
Commun., 2019, 55, 2273–2276. 
 
Scheme 4.1. Molecular dyads D1–D4 and triads T1–T3 studied in this chapter. Herein the 
photoinduced electron transfer from PTZ to photo-excited Ru complex is of interest.  
From the temperature dependent fs TA data of T1–T3 (Chapter 3.2), we have found that the 
time constants for the first electron transfer process (i.e. ET1) are different albeit the D–A 
distance, chemical linkage and –ΔG are quite similar amongst the triads. It seems that the 
substitution pattern on the second tpy ligand has an impact on the electronic interaction 
between PTZ and photo-excited Ru complex (i.e. HDA, Scheme 4.1), and thus kET1. This 
observation motivated us to systematically investigate how the functionalization on the 
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remote tpy ligand of the Ru(tpy)2 complex could affect HDA underlying the electron transfer 
from PTZ to Ru(tpy)2*, i.e. ET1. Literature has reported such remote effects for mixed-
valence RuII/RuIII complexes that the properties of intervalence charge-transfer (IVCT) 
transitions were altered by the remote ligands:123,124 With nearly identical –ΔG the electronic 
coupling underlying the IVCT was changed by 20%.123 However, this work only considered 
the ground-state properties.123 In this chapter, three new dyads D2–D4 based on the molecular 
structure of D1 were designed (Scheme 4.1). Herein, I focus on the electron transfer from 
PTZ to photo-excited Ru complex, i.e. PTZ→Ru(tpy)2*. I will show that HDA between PTZ 
and Ru(tpy)2 can be tuned by the substituents on the remote tpy ligand in spite of the same D, 
D–A distance, D–A linkage as well as similar –ΔG for PTZ→Ru(tpy)2* in all compounds. 
UV/Vis absorption spectroscopy. The UV/Vis absorption spectra of D1 and T1–T3 are 
shown before (Figure 2.1a and Figure 3.1, respectively). For D2–D4 similar spectral features 
as that of D1 are observed (Figure 4.1). The UV/Vis absorption spectra display intense 
absorption bands associated with the π-π transitions in tpy ligands and the substituents in the 
UV region along with a moderate MLCT band at around 500 nm. With the attachment of a 
phenyl ring (–ph), i.e. D2, the MLCT band experiences a slight red-shift (4 nm) compared to 
D1, which is due to the slightly delocalized MLCT states in D2.87,91,99 By adding a strong 
electron-donating group methoxyl (–OCH3) on the phenyl ring, the MLCT band undergoes 
further red-shift (4 nm) compared to that in D2. This is due to the enhanced π character of the 
tpy–ph bond at ground state that the –OCH3 group makes the dihedral angle between tpy and 
ph smaller leading to more delocalized negative charges in D3 compared to D2.125  
 
Figure 4.1. (a) UV/Vis absorption spectra of D1–D4 in dichloromethane (DCM) at room 
temperature. The spectrum and extinction coefficient of D1 were taken from ref 95. 
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Photoinduced dynamics as a function of temperature. The fs TA spectra of D1–D4 were 
collected upon excitation at 520 nm in the temperature region of 300–240 K. For each 
compound, the characteristics of the fs TA spectra do not display significant changes upon 
decreasing the temperature, and thus, the interpretation of fs TA data of D1–D4 can follow 
the model developed for D1 at room temperature (Figure 2.5). Exemplarity, the fs TA spectra 
of D1–D4 at 270 K are displayed in Figure 4.2 (the fs TA spectra of T1–T3 at 270 K are 
shown in Chapter 3, Figure 3.6). Concerning the dyads, two kinetic components and an 
offset corresponding to the long-lived species are sufficient to describe all the fs TA data. 
According to Figure 2.5, the long-lived species in decay-associated spectra (Figure 4.2b, d, f 
and h) represents the charge recombination of PTZ•+–Ru(tpy)2
•-; the first component (τ1; from 
5.2 to 7.1 ps for D1–D4, respectively) describes the PTZ→Ru(tpy)2* electron transfer; the 
second component (τ2; from 404 to 920 ps for D1–D4, respectively) is attributed to the decay 
of 3MLCT state distributed on the tpy–R ligand (i.e. 3MLCTtpy-R state, R represents the 
substituents shown in Scheme 4.1) to ground state. Apparently, the lifetime of the 3MLCTtpy-R 
state increases from D1 to D4 at the same temperature. This is due to the stabilized 3MLCTtpy-
R state because of the increased π-conjugation.
99 To figure out how HDA between PTZ and 
Ru(tpy)2 could be impacted by the remote tpy–R ligand, we focus on the PTZ→Ru(tpy)2* 
electron transfer for which all dyads and triads have the same donor, donor-acceptor distance 
and donor-acceptor linkage (for T1–T3 it is the ET1 process).  




Figure 4.2. fs transient absorption spectra at selected delay times (a, c, e and g) and decay-
associated spectra (b, d, f and h) of D1 (a, b), D2 (c, d), D3 (e, f) and D4 (g, h) in aerated 
dichloromethane upon excitation at 520 nm at 270 K.  
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 τPTZ→Ru(tpy)2 / ps 
 D1 D2 D3 D4 T1 T2 T3 
300 5.0 4.6 6.4 5.1 2.0 3.8 3.7 
280 5.4 5.2 7.5 5.6 2.2 3.2 6.0 
270 5.2 5.6 7.8 7.1 2.5 5.0 6.7 
260 6.4 5.9 8.3 9.3 3.2 5.3 7.6 
250 7.1 6.8 9.2 12.6 2.9 4.7 9.0 
240 8.3 7.6 10.8 – 3.5 – 10.0 
230 – – – – – 6.0 14.0 
Table 4.1. Temperature dependence of the time constants for the PTZ→Ru(tpy)2* electron 
transfer process in D1–D4 and T1–T3.  
      Time constants for PTZ→Ru(tpy)2* electron transfer in D1–D4 and T1–T3 as a function 
of temperature are summarized in Table 4.1. In general, decelerated electron transfer rates 
(kET is used instead of kET1 for T1–T3 in this chapter) upon decreasing the temperatures are 
observed. It should be noted that the time constants for PTZ→Ru(tpy)2* electron transfer are 
in the same timescale of rotational motion around the tpy–ph bond which was reported to be 
some-ps for Ru(tpy)2-derived complexes.
91,126,127 This indicates that the PTZ→Ru(tpy)2* 
electron transfer is likely accompanied by planarization of the tpy–ph ligand in D2–D4 and 
T2–T3. To obtain HDA values underlying PTZ→Ru(tpy)2* electron transfer, the reformed 
Marcus equation was employed (eq 8). As shown in Figure 4.3, plotting ln(kET·T
1/2) vs. 1/T 
yields a single line for each compound. Parameters such as –ΔG, λ, HDA and ΔG
ǂ extracted 
from Figure 4.3 are summarized in Table 4.2. 
 
Figure 4.3. Plots of ln (kET·T
1/2) vs. 1/T with the corresponding linear fit. 




 D1 D2 D3 D4 T1 T2 T3 
–ΔG / eV 0.29 0.26 0.25 0.24 0.23 0.26 0.24 
λ /eV 0.72 0.67 0.65 0.95 0.67 0.63 0.86 
HDA / cm
-1 94 90 74 371 157 86 265 
ΔGǂ / eV 0.064 0.063 0.062 0.13 0.072 0.054 0.11 
Table 4.2. Summary of driving force (–ΔG), reorganization energy (λ), electronic coupling (HDA) 
and activation energy (ΔGǂ) extracted from the linear fit in Figure 4.3 for the PTZ→Ru(tpy)2* 
electron transfer process. 
      It is apparent that –ΔG for PTZ→Ru(tpy)2* electron transfer is quite similar within dyads 
and triads, i.e. only slight changes from 0.23 eV in T1 to 0.29 eV in D1 are observed (Table 
4.2). The λ values for D1–D3 and T1–T2 are also rather similar due to the identical donor, 
donor-acceptor distance and the mutual orientation. However, D4 and T3 exhibit quite 
different λ values which are roughly 40% and 30% higher than others, respectively. It 
indicates that the inner-sphere reorganization energy (λi) must be significantly changed since 
the outer-sphere reorganization energy (λo) is not supposed to vary a lot according to the 
dielectric continuum model (eq 3–4). Notably, HDA values are quite different among the dyads 
and triads which can be roughly divided into three regions: D4 and T3, with the strongly 
electron-donating substituents –OCH3 and –OC8H17, show the highest HDA values (370~260 
cm-1); T1 with a directly connected electron-withdrawing group –C60 reveals a moderate 
coupling value (157 cm-1); For D1–D3 and T2 the HDA values are significantly lower (i.e. 
90~70 cm-1). These observations reveal that the substitution on the remote tpy ligand can 
significantly alter the electronic interaction between PTZ and photo-excited Ru complex. For 
example, the electron rich group –OCH3 in D4 increases the electronic coupling by a factor of 
4 compared to D3 despite of the minimal structural differences.  
      Since HDA is mainly determined by the electronic structure of the molecular fragments 
involved, any changes of charge densities within the donor or acceptor would change HDA 
values.128 Thus, the influence of the substituent –R on charge densities is considered, which 
was previously investigated by theoretical calculations.125,129 These studies focused on the 
ground-125 and 1MLCT excited-state129 properties of two Ru(tpy)2 derivatives in which a 
strong electron-donating (–NH2) and electron-withdrawing (–NO2) group was attached to the 
4’-position of one tpy ligand via a phenyl spacer (–ph), respectively. Calculations illustrated 
that: 
 –NH2 substituent (electron-donating): A shortened tpy–ph bond and a smaller dihedral 
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angel between tpy and ph in the ground state of the Ru complex was observed.125 
Moreover, significant charge depletion instead of accumulation at –ph–NH2 moiety 
upon the 1MLCT transition was shown.129  
 –NO2 substituent (electron-withdrawing): It facilitates long-range charge 
delocalization both in the ground- and excited-state albeit a relative larger tpy–ph 
dihedral angle in the ground state.125,129  
In other words, opposing contributions of –NH2 and –NO2 to ground- and excited-state 
properties of Ru(tpy)2 were found. Within the series of dyads and triads, the various HDA 
values are tentatively explained as follows: 
 (D4 and T3) vs. (D2, D3 and T2). The electron rich substituents –OCH3 and –OC8H17 
in D4 and T3 give rise to the highest HDA for PTZ→Ru(tpy)2* electron transfer, which 
is accompanied by distinct increase of λ values (Table 4.2). The increased λ values in 
D4 and T3 is rationalized by the decreased tpy–ph bond length and smaller tpy–ph 
dihedral angle induced by the strong electron-donating groups (–OCH3 and –
OC8H17).
125 Thus, λi related to the free energy change associated with bond length 
changes upon electron transfer must be different.26 On the other hand, the strong 
electron-donating groups change the electronic nature of the Ru(tpy)2*. That is, the 
negative charges on the remote tpy ligand in D4 and T3 are more localized than that in 
D2, D3 and T2. Hence, increased HDA for PTZ→Ru(tpy)2* electron transfer is 
observed. In addition, T3 shows a lower HDA value than D4 (i.e. 265 vs. 371 cm
-1). 
This could be the reason that the two –OC8H17 groups in T3 have a longer distance to 
the tpy ligand than –OCH3 in D4, and thus, a relative weak electronic effect on HDA is 
observed in T3. Furthermore, there could be an additional contribution from the 
electron-withdrawing group –C60 in T3 which pulls the negative charges away from 
the tpy ligand leading to further reduced charge densities adjacent to Ru. Under these 
combined effects, a relatively small HDA value is observed in T3 compared to D4. 
 D1 vs. T1 (94 vs. 157 cm-1). There is no planarization process within the remote tpy 
ligand for the two compounds. Replacing the –H atom by –C60 increases HDA by 70%. 
It was found that the attachment of –C60 shifts the Ru
III/RuII oxidation anodically by 
120 mV compared to D1.95 The shifted HOMO apparently affects the electronic levels 
on the PTZ–tpy ligand and thus increases the coupling underlying the 
PTZ→Ru(tpy)2* electron transfer. 
      The studies presented in this chapter reveal the possibility to modulate HDA between the 
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PTZ donor and Ru(tpy)2 acceptor via changing the substituent –R on the remote tpy ligand. 
Altering the electronic nature of the photo-excited Ru(tpy)2, either by localization of the 
excited-state within the ligand sphere (i.e. by using strong electron-donating substituents) or 
by modifying the HOMO level of the Ru(II) center, impacts the electronic coupling for 
photoinduced electron transfer in structurally-related dyads and triads. Hence, the work 
provides an additional design parameter for transition-metal complexes based D–P–A systems 
in which achieving efficient and specific electron transfer paths is key to improve functions.  





















One aspect of artificial photosynthesis pays attention to the fundamental research on simple 
models (e.g. D–P–A triads) to understand how electron transfer rates depend on the molecular 
structures. This in turn provides guidelines to the design of more complex multi-component 
systems with specific functions. Considering the photosensitizers, Ru(II) polypyridyl 
complexes have drawn much attention due to the relatively wide absorption of the solar 
irradiation spanning from the UV (i.e. π-π transitions within the ligands) to the visible region 
(via metal-to-ligand charge transfer, MLCT). Apart from that, favorable properties of Ru(II) 
polypyridyl complexes, such as chemical robustness, ease of synthesis, relatively cheap 
starting materials, highly tunable optical and redox properties, also make them outstanding. In 
general, the photochemistry of Ru(II) polypyridyl complexes is discussed to starts from the 
lowest-lying 3MLCT state. For efficient charge separation the 3MLCT states should live long 
enough that the subsequent electron transfer can compete with the decay of the 3MLCT states 
to ground state. In this respect, Ru(tpy)2 is normally not considered as a good photosensitizer 
because of its intrinsic short 3MLCT state lifetime which is roughly three orders of magnitude 
shorter than that in Ru(bpy)3.  
      However, in this thesis, Ru(tpy)2 was used as the photosensitizer to construct linear 
structures without inducing geometrical and optical isomers. The presented results show that 
charge separation takes place (from ps to ns timescales depending on the nature of D and A) 
in spite of the relatively short excited-state lifetime of the photosensitizer. The work provides 
a systematic investigation on the photoinduced electron transfer dynamics in Ru(tpy)2 based 
molecular dyads and triads. Chapter 2 focuses on the photochemistry of Ru(tpy)2 heteroleptic 
complexes, especially the relaxation of the initially populated distinct 1MLCT states. Chapter 
3 pays attention to the photoinduced electron transfer rates and their dependence on D–A 
distance and solvent polarity. Furthermore, the underlying mechanism for electron transfer is 
discussed via the combined analysis of distance- and temperature-dependent electron transfer 
rates. In Chapter 4, tuning of the electronic coupling between PTZ donor and Ru(tpy)2 
acceptor through the substitution pattern on a remote site (i.e. the second tpy ligand) is 
achieved.  
      In Chapter 2, three structurally related molecular triads are studied. First of all (Chapter 
2.1), the photoinduced dynamics in model triad T1 (i.e. PTZ–Ru(tpy)2–C60, see Figure 5.1) 
are discussed. It reveals that the initially generated two MLCT states, instead of populating 
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the lowest-lying 3MLCT state, decay via fast electron transfer (ET) and relatively slow energy 
transfer, respectively (Figure 5.1). This independent decay model is still valid for triads PTZ–
Ru(tpy)2–POM and exTTF–Ru(tpy)2–POM (Chapter 2.2, also see Figure 5.1) in which two 
directions of electron transfer occurring in different timescales are identified. This is due to 
the ultrafast electron transfer occurs from a relatively high-lying 3MLCT state (i.e. 3MLCTD-
tpy state, Figure 5.1), which can kinetically compete with the interligand charge transfer that 
typically leads to the lowest-lying 3MLCT state.  
 
Figure 5.1. Simplified relaxation model upon excitation of the Ru(tpy)2 photosensitizer in D–
Ru(tpy)2–A triads. Only the time constants related to the decay of 
3MLCT states are shown. The 
black arrows stand for the decay pathways for T1 (D: PTZ, A: C60) that except for the energy 
transfer, the fully charge-separated state is formed via the first (ET1) and second electron transfer 
(ET2) process. The grey arrows display the relaxation channels for PTZ-Ru-POM (time 
constants: grey left) and exTTF-Ru-POM (time constants: grey right). In this figure, P represents 
the Ru(tpy)2 photosensitizer.   
      The studies (Figure 5.1) reveal that for heteroleptic Ru(tpy)2 complex, photoexcitation 
would lead to differently distributed charges within the coordination sphere of the Ru(II) and 
the resultant MLCT states decay via different channels. This finding is interesting and 




processes, e.g. energy transfer, which would decrease the charge-separation efficiencies. 
Instead, the initial distribution of the specific MLCT states, which can be tuned by the 
excitation wavelength, determines the upper limit of molecules that can undergo 
intramolecular electron transfer (Figure 5.1). These results have important implications for the 
design of transition metal complexes based molecular assemblies with respect to a specifically 
targeted response to photoexcitation. In this case the distribution of the MLCT states should 
be considered.  
      Furthermore, for POM based molecular triads, no fully charge-separated state, i.e. PTZ•+–
Ru(tpy)2–POM
•- and exTTF•+–Ru(tpy)2–POM
•-, is not formed no matter which electron donor 
is used (Chapter 2.1, also Figure 5.1). Thus, it might be more useful to increase the driving 
force between Ru(tpy)2 and POM to facilitate electron shifting from Ru(tpy)2
•- to POM than 
tuning the electron donor. For the next step, either a different photosensitizer, e.g. a Ir(III) 
polypyridyl complex or a different POM which is easier to be reduced than the POM studied 
here, would be a promising way. Furthermore, it would be interesting to see if PTZ•+–
Ru(tpy)2–POM
•- and exTTF•+–Ru(tpy)2–POM
•- can be formed when increasing the 
temperature.   
      Chapter 3.1 focuses on the photoinduced electron transfer rates and their dependence on 
D–A distance and solvent polarity. To this end, except for T1, two structurally-extended 
triads T2 and T3 are involved. The second electron transfer process (i.e. ET2 in Figure 5.1) is 
of particular interest. It reveals that the distance dependence of kET2 can be switched by 
changing the solvent polarity. Upon increasing the D–A distance, a decreased kET2 is observed 
in dichloromethane while in acetonitrile kET2 becomes faster for a longer distance. Up to now, 
the latter behavior is rarely reported in literature despite theory has predicated a regime in 
which the electron-transfer rates can increase with increasing D–A distance. The numerical 
simulation, based on the Marcus equation and a superexchange model reported by Wenger 
group27, can only qualitatively rationalize the distinct distance dependence of kET2. This gives 
us a hint that either a model extension to account for a non-exponential distance dependent 
HDA or the contribution from a different electron transfer mechanism, i.e. hopping, might have 
to be taken into account.  
      Next, the electron transfer mechanism for ET2 in T1–T3 is discussed in Chapter 3.2. For 
this purpose, kET2 was recorded as a function of temperature (from 300 to 230 K). The 
combined analysis of distance- and temperature-dependent kET2 indicate that superexchange is 
operative in T1 and T2 while hopping dominates in the longest triad T3. It is noteworthy that 
Photoinduced Electron Transfer Dynamics in Ruthenium(II) Bis(terpyridine) Based Molecular Dyads and Triads 
54 
 
ET2 via superexchange shows stronger temperature dependence than hopping, which is 
opposite to literature report. This is the first observation of superexchange having stronger 
temperature dependence than hopping, which is rationalized by the specific geometrical and 
electronic structure of the Ru(tpy)2 photosensitizer. Hence, the presented studies indicate that 
the general observation that hopping has stronger temperature dependence than 
superexchange should not be treated as the only criterion for differentiating between the two 
mechanisms. Instead, the specific nature of the photosensitizer may have to be considered. 
The next step we could do is to increase the temperature above 300 K. Higher temperature 
facilitates the vibration of the two tpy ligands which in principle, according to the speculation 
here, will help the superexchange process in T1 and T2. Additionally, it also would be 
interesting to see how kET2 behaves in acetonitrile as a function of temperature since opposing 
distance dependence of kET2 is observed in the two solvents.  
      The work in Chapter 4 provides a new way to tune the electronic coupling between donor 
and acceptor (HDA). Remarkable difference in HDA between methoxyl- and methyl-substituted 
D–A dyads has been reported in literature, but in all these studies the molecular spacer was 
the one to be modified. In this chapter, distinct HDA values underlying PTZ→Ru(tpy)2* 
electron transfer in PTZ–Ru(tpy)2–R dyads and triads are observed, which are altered by the 
substitution (i.e. –R) on the remote tpy ligand (which does not link the PTZ donor and Ru(II) 
core). Especially, with a constant driving force, HDA between the PTZ donor and Ru(tpy)2 
acceptor is increased by a factor of four through changing –R from –CH3 to –OCH3. 
Furthermore, the direct attachment of –C60 on the remote tpy ligand also increases the HDA 
value compared to the dyad with a bare remote tpy ligand. This observation points out that 
changing the electronics in the photo-excited Ru(tpy)2*, either by delocalization of the 
charges within the ligand sphere or by modifying the HOMO level of the Ru(II) ion can tune 
the HDA. This finding provides an additional design parameter for molecular systems, in 
which realizing efficient and specific electron transfer paths is key to improved function. In 
the next step, it would be very interesting to study how the HDA values would change by 
placing the –OCH3 group at the ortho- and meta-position of the phenyl ring (to compare with 
the –OCH3 group at the para-position studied here), or to see if the HDA values can be 
increased by simply increasing the number of –OCH3. 
      In short, the presented results extend our understanding of the properties of Ru(tpy)2 
photosensitizer, which highlight the importance of the distribution of MLCT states on the 




geometry of Ru(tpy)2 on the electron transfer dynamics (Chapter 3 and Chapter 4). Both 
aspects are closely related to the functionalization of the peripheral ligands of the 
photosensitizer, which may provide important hint to the design of more complex multi-







































































Ein Aspekt der künstlichen Photosynthese ist die Grundlagenforschung an einfachen 
Modellen (z.B. D-P-A Triaden), um den Zusammenhang zwischen Molekularstrukturen und 
Elektronenübergängen zu verstehen. Dies liefert wiederum Richtlinien für das Design 
komplexerer Mehrkomponentensysteme mit spezifischen Funktionen. Bei den 
Photosensibilisatoren haben die Ru(II)-Polypyridylkomplexe aufgrund der relativ breiten 
Absorption von Sonnenlicht, die von UV Strahlung (d.h. π-π Übergänge innerhalb der 
Liganden) bis in den sichtbaren Bereich (via Metall-zu-Ligand Charge Transfer, MLCT) 
reicht, große Aufmerksamkeit erregt. Darüber hinaus zeichnen sich Ru(II)-
Polypyridylkomplexe durch ihre günstigen Eigenschaften, wie chemische Beständigkeit, 
einfache Synthese, verhältnismäßig billige Ausgangsmaterialien, sowie hochabstimmbare 
optische und Redoxeigenschaften aus. Im Allgemeinen wird die Photochemie von Ru(II)-
Polypyridylkomplexen ausgehend vom energetisch niedrigsten 3MLCT-Zustand diskutiert. 
Für eine effiziente Ladungstrennung sollten die 3MLCT-Zustände so lange leben, dass der 
nachfolgende Elektronentransfer mit dem Zerfall der 3MLCT-Zustände in den Grundzustand 
konkurrieren kann. In dieser Hinsicht wird Ru(tpy)2 normalerweise nicht als guter 
Photosensibilisator angesehen, da seine intrinsisch kurze 3MLCT-Zustandslebensdauer etwa 
drei Größenordnungen kürzer ist als die von Ru(bpy)3. 
      Dennoch wurde in dieser Arbeit Ru(tpy)2 als Photosensibilisator verwendet, um lineare 
Strukturen zu konstruieren, ohne hierbei geometrische und optische Isomere zu erzeugen. Die 
vorgestellten Ergebnisse zeigen, dass trotz der relativ kurzen Lebensdauer des 
Photosensibilisators eine Ladungstrennung (von ps- bis ns-Zeitskalen je nach Art von Donor 
und Akzeptor) stattfindet. Die Arbeit bietet eine systematische Untersuchung der 
photoinduzierten Elektronentransferdynamik in Ru(tpy)2-basierten molekularen Dyaden und 
Triaden. Kapitel 2 konzentriert sich auf die Photochemie von Ru(tpy)2 heteroleptischen 
Komplexen, insbesondere die Relaxation der zunächst populierten unterschiedlichen 1MLCT-
Zustände. In Kapitel 3 wird auf die photoinduzierten Elektronentransferraten und deren 
Abhängigkeit von D-A-Abstand und Lösungsmittelpolarität eingegangen. Darüber hinaus 
wird der zugrunde liegende Mechanismus für den Elektronentransfer durch die kombinierte 
Analyse von distanz- und temperaturabhängigen Elektronentransferraten diskutiert. In 
Kapitel 4 wird die Abstimmung der elektronischen Kopplung zwischen PTZ-Donor und 
Ru(tpy)2-Akzeptor durch das Substitutionsmuster an einer entlegenen Stelle (d.h. dem zweiten 
tpy-Liganden) erreicht. 
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      In Kapitel 2 werden drei strukturell verwandte molekulare Triaden untersucht. Zunächst 
(Kapitel 2.1) wird die photoinduzierte Dynamik in der Modelltriade T1 (d.h. PTZ-Ru(tpy)2-
C60, siehe Abbildung 6.1) diskutiert. Es zeigt sich, dass die ursprünglich erzeugten zwei 
MLCT-Zustände durch schnellen Elektronentransfer (ET) bzw. relativ langsamen 
Energietransfer zerfallen (Abbildung 6.1), anstatt den niedrigsten 3MLCT-Zustand zu 
bevölkern. Dieses unabhängige Zerfallsmodell gilt weiterhin für die Triaden PTZ-Ru(tpy)2-
POM und exTTF-Ru(tpy)2-POM (Kapitel 2.2, siehe auch Abbildung 6.1), in denen zwei 
Richtungen des Elektronentransfers in unterschiedlichen Zeitabständen identifiziert wurden. 
Dies liegt daran, dass der ultraschnelle Elektronentransfer aus einem verhältnismäßig 
hochliegenden 3MLCT-Zustand (d.h. 3MLCTD-tpy-Zustand, Abbildung 6.1) erfolgt, der mit 
dem Interligand-Ladungstransfer, der typischerweise zum niedrigsten 3MLCT-Zustand führt, 
kinetisch konkurrieren kann. 
 
Abbildung 6.1. Vereinfachtes Relaxationsmodell nach Anregung des Ru(tpy)2 
Photosensibilisators in D–Ru(tpy)2–A Triaden. Es werden nur die Zeitkonstanten gezeigt, die sich 
auf den Zerfall von 3MLCT-Zuständen beziehen. Die schwarzen Pfeile stellen die Zerfallspfade für 
T1 (D: PTZ, A: C60) dar, das bis auf den Energietransfer des vollständig ladungsgetrennten 
Zustands durch den ersten (ET1) und zweiten Elektronentransfer (ET2) Prozess gebildet wird. Die 
grauen Pfeile zeigen die Relaxationskanäle für PTZ-Ru-POM (Zeitkonstanten: grau links) und 





      Die Studien (Abbildung 6.1) zeigen, dass für den heteroleptischen Ru(tpy)2-Komplex die 
Photoanregung zu unterschiedlich verteilten Ladungen innerhalb der Koordinationssphäre des 
Ru(II) führen würde und die resultierenden MLCT-Zustände über verschiedene Kanäle 
zerfallen. Dieser Befund ist interessant und wichtig, da der spezifische Elektronentransfer 
nicht kinetisch mit anderen Prozessen konkurriert, z.B. dem Energietransfer, was die 
Effizienz der Ladungsseparation verringern würde. Stattdessen bestimmt die 
Anfangsverteilung der spezifischen MLCT-Zustände, die durch die Anregungswellenlänge 
beeinflusst werden kann, den oberen Grenzwert der Moleküle, die für einen intramolekularen 
Elektronentransfer infrage kommen (Abbildung 6.1). Diese Ergebnisse liefern wichtige 
Erkenntnisse für das Design von Übergangsmetallkomplexen mit molekularen Anordnungen 
in Bezug auf spezifische Reaktion nach Photoanregung. In diesem Fall sollte die Verteilung 
der MLCT-Zustände berücksichtigt werden. 
      Darüber hinaus wird für POM-basierte molekulare Triaden kein vollständig 
ladungsgetrennter Zustand, d.h. PTZ•+-Ru(tpy)2-POM
•- und exTTF•+-Ru(tpy)2-POM
•-, 
gebildet, unabhängig davon, welcher Elektronendonor verwendet wird (Kapitel 2.1, auch 
Abbildung 6.1). Daher könnte es sinnvoller sein, die Antriebskraft zwischen Ru(tpy)2 und 
POM zu erhöhen, um den Elektronenwechsel von Ru(tpy)2
•- zu POM zu erleichtern, als den 
Elektronendonor zu modifizieren. Für den nächsten Schritt wäre entweder ein anderer 
Photosensibilisator wie z.B. ein Ir(III)-Polypyridylkomplex oder ein anderer POM, der 
leichter zu reduzieren ist als der hier untersuchte POM, ein vielversprechender Weg. Darüber 
hinaus wäre es interessant zu sehen, ob PTZ•+-Ru(tpy)2-POM
•- und exTTF•+-Ru(tpy)2-POM
•- 
bei Temperaturerhöhung gebildet werden können.   
      Kapitel 3.1 konzentriert sich auf die photoinduzierten Elektronentransferraten und deren 
Abhängigkeit von D-A-Abstand und Lösungsmittelpolarität. Zu diesem Zweck sind, mit 
Ausnahme von T1, zwei strukturell erweiterte Triaden T2 und T3 beteiligt. Von besonderem 
Interesse ist der zweite Elektronenübertragungsprozess (z.B. ET2 in Abbildung 6.1). Es zeigt 
sich, dass die Abstandsabhängigkeit von kET2 durch Änderung der Lösungsmittelpolarität 
geschaltet werden kann. Mit zunehmender D-A-Distanz wird bei Dichlormethan ein 
verminderter kET2-Wert beobachtet, während bei Acetonitril kET2 über eine längere Distanz 
schneller wird. Bisher wird letzteres Verhalten in der Literatur nur selten berichtet, obwohl 
die Theorie ein System vorausgesagt hat, in dem die Elektronentransferraten mit 
zunehmender D-A-Distanz zunehmen können. Die numerische Simulation, die auf der 
Marcus-Gleichung und einem von der Wenger-Gruppe27 berichteten Superaustauschmodell 
Photoinduced Electron Transfer Dynamics in Ruthenium(II) Bis(terpyridine) Based Molecular Dyads and Triads 
60 
 
basiert, kann die unterschiedliche Entfernungsabhängigkeit von kET2 nur qualitativ 
rationalisieren. Dies gibt uns einen Hinweis darauf, dass entweder eine Modellerweiterung 
zur Berücksichtigung einer nicht exponentiellen entfernungsabhängigen HDA (die 
elektronische Kopplung zwischen Donor und Akzeptor) oder der Beitrag eines anderen 
Elektronenübertragungsmechanismus, d.h. des Hoppings, berücksichtigt werden muss. 
      Als nächstes wird der Elektronenübertragungsmechanismus für ET2 in T1-T3 in Kapitel 
3.2 beschrieben. Zu diesem Zweck wurde kET2 als Funktion der Temperatur (von 300 bis 230 
K) aufgezeichnet. Die kombinierte Analyse von entfernungs- und temperaturabhängigem kET2 
zeigt, dass der Superexchange in T1 und T2 wirksam ist, während das Hopping in der 
längsten Triade T3 dominiert. Bemerkenswert ist, dass ET2 über den Superexchange eine 
stärkere Temperaturabhängigkeit aufweist als das Hopping, was der Literatur widerpricht. 
Dies ist die erste Beobachtung eines Superexchanges mit stärkerer Temperaturabhängigkeit 
als das Hopping, welches durch die spezifische geometrische und elektronische Struktur des 
Ru(tpy)2-Photosensibilisators rationalisiert wird. Daher deuten die vorgestellten Studien 
darauf hin, dass die allgemein beobachtete Temperaturempfindlichkeit, nicht als das einzige 
Kriterium für die Unterscheidung zwischen den beiden Mechanismen behandelt werden 
sollte. Stattdessen kann die spezifische Beschaffenheit des Photosensibilisators berücksichtigt 
werden. Der nächste mögliche Schritt wäre, die Temperatur auf über 300 K zu erhöhen. Eine 
höhere Temperatur erleichtert die Vibration der beiden tpy-Liganden, was nach den 
vorliegenden Spekulationen im Prinzip dem Superexchange Prozess in T1 und T2 helfen 
wird. Darüber hinaus wäre es auch interessant zu sehen, wie sich kET2 in Acetonitril als 
Funktion der Temperatur verhält, da in den beiden Lösungsmitteln eine entgegengesetzte 
Abstandsabhängigkeit von kET2 beobachtet wird. 
      Die Arbeit in Kapitel 4 bietet einen neuen Weg, die elektronische Kopplung zwischen 
Donor und Akzeptor (HDA) einzustellen. Bemerkenswerte Unterschiede der HDA zwischen 
Methoxyl- und methylsubstituierten D-A-Dyaden wurden in der Literatur berichtet, aber in all 
diesen Studien war der molekulare Abstandshalter derjenige, der modifiziert werden musste. 
In diesem Kapitel werden verschiedene HDA-Werte beobachtet, die dem Elektronentransfer 
von PTZ→Ru(tpy)2* in PTZ-Ru(tpy)2-R Dyaden und Triaden zugrunde liegen, die durch die 
Substitution (d.h. -R) am entlegenen tpy-Liganden (der den PTZ-Donor und den Ru(II)-Kern 
nicht verbindet) verändert werden. Insbesondere bei konstanter Antriebskraft wird die HDA 
zwischen dem PTZ-Donor und dem Ru(tpy)2-Akzeptor durch die Änderung –des Restes von -
CH3 auf -OCH3 um den Faktor vier erhöht. Darüber hinaus erhöht die direkte Bindung von -
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C60 an den entfernten tpy-Liganden auch den HDA-Wert im Vergleich zur Dyade mit einem 
unsubstituierten entlegenen tpy-Liganden. Diese Beobachtung weist darauf hin, dass ein 
Wechsel der Elektronik im photoangeregten Ru(tpy)2*, entweder durch Verlagerung der 
Ladungen innerhalb der Ligandensphäre oder durch Änderung des HOMO-Niveaus des 
Ru(II)-Ions, die HDA verändern kann. Dieser Befund stellt einen zusätzlichen 
Designparameter für molekulare Systeme dar, bei dem die Realisierung effizienter und 
spezifischer Elektronenübertragungswege der Schlüssel zu einer verbesserten Funktion ist. Im 
nächsten Schritt wäre es sehr interessant zu untersuchen, wie sich die HDA-Werte ändern 
würden, indem man die -OCH3-Gruppe an der ortho- und meta-Position des Phenylrings 
platziert (im Vergleich zur -OCH3-Gruppe an der hier untersuchten para-Position), oder ob 
die HDA-Werte durch einfache Erhöhung der Anzahl von -OCH3 erhöht werden können. 
      Kurz gesagt, die vorgestellten Ergebnisse erweitern unser Verständnis für die 
Eigenschaften des Ru(tpy)2-Photosensibilisators, die die Bedeutung der Verteilung von 
MLCT-Zuständen auf den folgenden Relaxationspfaden (Kapitel 2) sowie den Einfluss der 
spezifischen Molekulargeometrie von Ru(tpy)2 auf die Elektronentransferdynamik (Kapitel 3 
und Kapitel 4) hervorheben. Beide Aspekte stehen in engem Zusammenhang mit der 
Funktionalisierung der peripheren Liganden des Photosensibilisators, die einen wichtigen 
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Energy versus Electron Transfer: Controlling the Excitation
Transfer in Molecular Triads
Yusen Luo,[a, b] Kevin Barthelmes,[c, d] Maria W-chtler,[b] Andreas Winter,[c, d]
Ulrich S. Schubert,[c, d] and Benjamin Dietzek*[a, b, c]
Abstract: The photochemistry of RuII coordination com-
pounds is generally discussed to originate from the lowest
lying triplet metal-to-ligand charge-transfer state (3MLCT).
However, when heteroleptic complexes are considered, for
example, in the design of molecular triads for efficient pho-
toinduced charge separation, a complex structure of 1MLCT
states, which can be populated in a rather narrow spectral
window (typically around 450 nm) is to be considered. In
this contribution we show that the localization of MLCT ex-
cited states on different ligands can affect the following ps
to ns decay pathways to an extent that by tuning the excita-
tion wavelength, intermolecular energy transfer from a RuII–
terpyridine unit to a fullerene acceptor can be favored over
electron transfer within the molecular triad. These results
might have important implications for the design of molecu-
lar dyads, triads, pentads and so forth with respect to a spe-
cifically targeted response of these complexes to photoexci-
tation.
Introduction
Photoinduced electron transfer and the resultant intra- and in-
termolecular charge-separated states (CSS) play pivotal roles in
natural and artificial photosynthesis.[1] Generally fast and effi-
cient formation of a long-lived CSS is targeted.[2] In this respect,
molecular design aims to directly affect electron transfer rates
by making use of factors such as the donor-acceptor dis-
tance,[3] the chemical nature of spacers[4] and molecular confor-
mations.[5] Following such strategies has led to improved
charge-separation efficiencies and prolonged lifetimes of CSS.
[Ru(tpy)2]
2+ complexes (tpy=2, 2’:6’, 2’’-terpyridine), which fa-
cilitate the construction of linear molecular triads (and pentads
and so forth) without introducing isomers, are frequently used
as photosensitizers and primary photoactivated electron
donors.[6] It is a general notion in transition-metal complexes
based donor–acceptor assemblies that intramolecular electron
or energy transfer starts from the lowest 3MLCT (metal-to-
ligand charge transfer) excited state, which is rapidly formed
upon intersystem crossing from the photoexcited 1MLCT
states.[7]
In this manuscript, we report mechanistically distinct yet co-
existing decay pathways (i.e. electron transfer and energy
transfer) in a molecular triad which is comprised of a pheno-
thiazine donor, a Ru–terpyridine (tpy) photocenter and a fuller-
ene (energy and electron) acceptor. The chemical structures of
the investigated triad, PTRuC60, and a dyad, PTRu, which
serves as reference system, are shown in Scheme 1.[8] The ratio
to which the individual transfer channels are effective upon
photoexcitation can be controlled by changing the excitation
wavelength, that is, by preferential excitation of either of the
MLCT states associated with the two structurally (and hence
electronically) distinct tpy ligands coordinating the Ru ion.[9]
We show that these distinct MLCT states have different pro-
pensities to promote electron or energy transfer, which would
affect the performance of a potential device in dependence on
the excitation conditions.[11b,c]
Results and Discussion
To illustrate the excitation-wavelength-dependent photochem-
istry of the triad, Figure 1 depicts the results of nanosecond
(ns) transient absorption (TA) experiments. The data of
PTRuC60 was recorded upon excitation at 520, 476, and
456 nm, that is, throughout the MLCT band of the Ru–tpy
core. The ns TA data of PTRuC60 shows two distinct
[a] Y. Luo, Prof. Dr. B. Dietzek
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excited-state absorption bands centered at 590 and 700 nm
(Figure 1a–c). The latter indicates the formation of fullerene
triplet state (3C60*)
[10] and the former is due to the absorption
of the one-electron-oxidized phenothiazine donor (PTZ·+), indi-
cating the formation of a charge-separated state (CSS). This as-
signment is supported by UV/Vis spectroelectrochemistry (SEC)
on the reference dyad: Upon one-electron oxidation of PTRu,
that is, formation of the PTZ·+ unit, three maxima arise at 365,
473, and 580 nm, which are accompanied by a loss of 1MLCT
intensity (Figure 1e). In the ns data the formation of the CSS,
that is, formation of the PTZ radical cation, is visible by follow-
ing the band at 580 nm. The PTZ·+ absorption, which is ex-
pected at 365 nm, is not pronounced in the ns TA data owing
to the spectral overlap with the strong negative absorption of
C60
·@ below 400 nm (Figure S1). The latter feature is illustrated
by UV/Vis SEC upon reduction of a RuC60 model dyad:
[12] Elec-
trochemical reduction of the fullerene unit causes a rise of
weak, featureless absorption from 550 to 800 nm together
with a strong negative absorption below 400 nm (Figure 1 f
and Supporting Information Figure S2). Altogether these re-
sults indicate the formation of the fully CSS (PTZ·+–P–C60
·@).
This conclusion is further supported by the ns transient ab-
sorption (TA) spectra of the dyad PTRu (without C60) upon exci-
tation at 520 nm (Figure 2). The shape of the ns TA spectra
matches the UV/Vis SEC of the oxidized PTZ (Figure 1e) very
well, that is, they feature an intense absorption peak at
365 nm and another broad absorption above 540 nm. In the
ns TA spectra (e.g. at 15 ns) there appears a shoulder at
around 470 nm which is also related to the absorption of
PTZ·+ . However due to the strong ground state bleach, this
peak appears not particularly pronounced. Hence, upon photo-
excitation of the dyad a CSS (PTZ·+–P·@) is generated but dis-
playing an intense absorption at 365 nm (Figure 2). This obser-
vation supports the assignment of forming the fully CSS
(PTZ·+–P–C60
·@) in the triad PTRuC60 which does not show
structured absorption at 365 nm due to the presence of re-
duced C60 (Figure 1a–c).
The final states in triad PTRuC60 resulting from either intra-
molecular energy or electron transfer are not only spectrally
distinct but can be disentangled based on their characteristic
lifetimes: Integrated kinetic traces over the two bands are
Scheme 1. Molecular structures of (a) triad PTRuC60 and (b) reference dyad
PTRu. The terpyridine (tpy) ligands connecting with N-methylphenothiazine
(PTZ) and N-methylfulleropyrrolidine (C60) are named as tpy–PTZ and tpy–C60
respectively. (c) Steady-state absorption spectra of the triad PTRuC60 and
dyad PTRu in dichloromethane.
Figure 2. Nanosecond transient absorption spectra at selected times of dyad
PTRu upon excitation at 520 nm in aerated dichloromethane.
Figure 1. Nanosecond transient absorption spectra at selected times of
PTRuC60 upon excitation at (a) 520 nm, (b) 476 nm, (c) 456 nm in aerated di-
chloromethane. For comparison, the ns TA spectra were normalized by the
absorption maxima of 3C60* (at 700 nm at 15 ns). (d) Normalized integrated
kinetic traces at the spectral regions of the CSS (540–630 nm, red) and
3C60*(640–850 nm, black) of the ns TA data upon excitation at 520 nm. The
inset shows enlargement of the time region up to 100 ps. Spectroelectro-
chemical UV/Vis absorption difference spectra of (e) PTZ·+ and (f) C60
·@ col-
lected in dichloromethane by oxidation of PTRu and reduction of RuC60 re-
spectively. Potentials are given versus Fc+ /0. The spectra were normalized by
the absorption maxima of the ground state bleach (the blue one). For refer-
ence RuC60, the data in (f) were smoothed. The raw data and molecular
structure are shown in Supporting Information Figure S2.
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shown in Figure 1d and Supporting Information Figure S4, that
is, kinetics recorded in the spectral region characteristic for the
CSS (540–630 nm) and the 3C60* (640–850 nm). Global fits of
the ns TA data (Figure S5) also yield two species: a short-lived
one (tns1=20 ns) mainly dominates at 590 nm (absorption of
PTZ·+) and a longer-lived one (tns2=320 ns) at around 700 nm
(assigned to 3C60*). The assignment is corroborated by experi-
ments in the absence of oxygen (Figure S6), which shows that
tns2 increases fivefold in the absence of oxygen, whereas tns1 is
insensitive to the presence of oxygen in solution. Thus tns1 and
tns2 describe the decay of the fully CSS and
3C60* in PTRuC60,
respectively.
As it is immediately apparent from Figure 1a–c, the relative
intensities of the two prominent bands in the ns TA spectra—
and hence the ratio between energy and electron transfer—
depend on the excitation wavelengths within the MLCT mani-
fold. For illustrating of the energy versus electron transfer ratio
as a function of excitation wavelength the ns TA spectra were
normalized by the corresponding absorption maximum of
3C60* (at 700 nm at 15 ns). Apparently the absorption intensity
of the CSS band decreases when shifting the excitation to low
wavelength (Figure 1a to Figure 1c). The excitation-wave-
length dependence effects are also reflected in the global fit-
ting results of the ns TA data: Upon decreasing the excitation
wavelength the intensity of the CSS absorption band decreases
by a factor 2.5 (see Supporting Information Figure S5).
To explore the origin of the excitation-wavelength depen-
dent ns photochemistry, excitation-wavelength-dependent res-
onance Raman (RR) spectra were recorded, which provide in-
sight into the distribution of 1MLCT excited states over the in-
dividual coordinating ligands.[11] RR spectroscopy is a very ef-
fective method to trace changes in electron density distribu-
tion upon optical excitation. In RR only modes which are
coupled to the electronic transitions can be largely enhanced
(i.e. , Frank–Condon active modes). Thus, this feature has been
utilized to probe dynamics in the Frank–Condon region which
spans roughly the first 20 fs of the development in the excited
state[11d] (i.e. the 1MLCT states in the structures investigated
here) and hence delivers intrinsically only information on this
time range. Thus RR is an optical–spectroscopic tool to charac-
terize the “starting point” of all photochemical reactions. All RR
spectra display PTZ (blue dotted line) and tpy (red dashed line)
associated bands (Figure 3). The mode assignment was based
on RR data of the unsubstituted [Ru(tpy)2](PF6)2 complex
[13] and
N-methylphenothiazine (Supporting Information Table S1).[14]
As apparent from the experimental data (see inset in Figure 3)
the relative signal intensities of RR bands associated with PTZ
and tpy change with excitation wavelengths. Decreasing exci-
tation wavelengths from 515 to 458 nm results in decreased
RR signals of PTZ associated bands (n˜=1595, 1574, and
1352 cm@1) and shoulders (at 1464 and 1337 cm@1). Hence, the
data show that upon shifting the excitation wavelength differ-
ent portions of MLCT states associated with the tpy–PTZ and
the tpy–C60 ligand are populated. Decreasing the excitation
wavelengths leads to a decreased excess-electron density shift
towards the tpy–PTZ ligand during the initial MLCT transition
(see Figure 1). This excitation condition, on the other hand,
leads to a comparatively lower absorption of the CSS in the
ns-data, that is, indicating that less electron transfer takes
place (see Figure 1). In turn, under such excitation conditions,
that is, excitation of the MLCTtpy–C60 state causes energy trans-
fer to happen more preferentially, that is, the absorption band
of 3C60* becomes more prominent in the ns transient absorp-
tion data. This is remarkable, as it shows that the population
of the two distinct MLCT states (which are disentangled with
respect to the vertical S0!MLCTtpy–C60/MLCTtpy–PTZ transition
based on the RR data) leads to distinct slow photochemical re-
sponses, that is, the initially excited mixture of MLCT states
does not convert rapidly into a single low-lying 3MLCT state,
from which a uniform photochemistry is subsequently ob-
served. Instead, the initial population of a distinct MLCT state
causes a distinct and slow photochemical response on the ns
timescale, that is, the initially populated MLCT excited states
distribution determines the subsequent decay pathways.
To obtain a detailed picture of the photoinduced dynamics
mechanistically connecting the initial photoexcited MLCT state
with the long-lived states probed by ns TA spectroscopy, fem-
tosecond (fs) TA spectroscopy was performed. The respective
data were obtained upon excitation at 520 nm for both
PTRuC60 and PTRu. For both compounds, the differential ab-
sorption spectra (Figure 4a, c) are dominated by three features,
namely ground state bleach in the wavelength region of the
1MLCT absorption (at ca. 500 nm) and excited-state absorption
(ESA) from 340 to 450 nm and from 540 up to 735 nm. The ab-
sorptive features of the ESA in Figure 4 have 3MLCT-character
because the ultrafast intersystem crossing of the initially excit-
ed 1MLCT state to 3MLCT state happens in a sub-100 fs time
scale[15] which is limited by the resolution of the setup. To be
specific, the fs TA spectra (Figure 4a, c) recorded at short delay
times (i.e. at 0.3 ps) show the typical characteristics of 3MLCT
ESA of [Ru(tpy)2]
2+ complexes, that is, a broad and rather
Figure 3. Resonance Raman spectra of PTRuC60 in dichloromethane with ex-
citation wavelengths at (a) 515, (b) 476 and (c) 458 nm. For comparison the
spectra were normalized to the solvent, dichloromethane, band (asterisks) at
1420 cm@1 and the modes showing distinct differences in signal intensities
upon variation of the excitation wavelengths were marked. Color code: PTZ-
associated bands in blue dotted line, tpy-associated bands in red dashed
line. Inset : band areas of the PTZ (namely tpy–PTZ ligand, Atpy–PTZ, blue) and
tpy (Atpy–C60, red) associated bands as a function of excitation wavelengths.
Resonance Raman spectra collected for the reference dyad PTRu display
a similar trend (see Supporting Information Figure S7).
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unstructured absorption above 550 nm.[15] Another peak in the
differential absorption data at 385 nm is assigned to the ab-
sorption of tpy·@.[15] For PTRuC60 at long delay times (i.e. after
417 ps, Figure 4a) the band at 385 nm has decayed to a flat,
featureless absorption along with the formation of three dis-
tinct peaks at 473, 585, and 700 nm, which matches the ns TA
spectra very well (Figure 1a). Furthermore, from 10 to 400 ps,
the band at 600 nm blue shifts to 585 nm and remains un-
changed up to 1700 ps. This spectral features indicate the shift
of electron density to other parts of the molecule, that is,
forming the fully CSS (PTZ·+–P–C60
·@). For PTRu, the band at
385 nm undergoes a blue-shift to 365 nm (at 10 ps) which indi-
cates the formation of the PTZ·+ (Figure 1e), namely the pro-
cess from the 3MLCT excited state to the CSS (PTZ·+–P·@).
Quantitative interpretation of fs TA data is based on the
decay-associated spectra (DAS) (Figure 4b,d).[16] DAS are based
on global multiexponential fits of the fs TA data corresponding
to a specific kinetic model. The obtained characteristic time
constants (t) describe the kinetics of the excited state relaxa-
tion processes and each component in DAS represents the
spectral weight associated with each process.[17] The assign-
ment of the time constants for PTRuC60 (Figure 4b) is done in
accordance to PTRu (Figure 4d). For PTRu, two kinetic compo-
nents and an offset corresponding to the long-lived species
(longer than the experimentally accessible time scale of the
setup) are used to fit the fs TA data (Figure 4d). The long-lived
species (tinf), as has been discussed in the ns time-resolved TA
experiment (Figure 2), represents the CSS (PTZ·+–P·@). For pico-
second (ps) processes, the first component (t1=6 ps) is attrib-
uted to the formation of the CSS (PTZ·+–P·@) describing an in-
crease of positive signal amplitude at the positions of the ab-
sorption feature of the oxidized PTZ. The second component
(t2=515 ps) reveals a spectral shape that resembles the transi-
ent spectrum of 3MLCT excited state and is in the same order
of magnitude as 3MLCT lifetimes reported for similar
[Ru(tpy)2]
2+ complexes.[15] Hence, it reflects the decay of 3MLCT
state to the ground state. For PTRuC60, the global fit results in
three kinetic components and an offset corresponding to the
long-lived species (Figure 4b). Again the long-lived species
(tinf) represent the mixture of the fully CSS and
3C60*, which al-
ready have been observed in the ns TA spectra (Figure 1a).
The ultrafast component (t1=3 ps) resembles very closely the
features of the first component (t1=6 ps) in PTRu and is there-
fore assigned to the formation of the intermediate CSS, that is,
PTZ·+–P·@–C60. The second component (t2=20 ps) with a spec-
tral shape similar to the ESA of 3MLCT state is attributed to the
energy transfer step from 3MLCT excited state to 3C60*. The
third component is characterized by an absorption at 600 nm,
which contributes the shift to 585 nm (the long-lived species)
reflecting the process from the intermediate CSS to the fully
CSS (PTZ·+–P–C60
·@).
Hence, in the fs time-resolved experiments, we observe two
distinct kinetic relaxation pathways for PTRuC60 : one is the for-
mation of the fully charge-separated state and the other is
energy transfer from a 3MLCT excited state to form the 3C60*
state likely by Dexter-type energy transfer, which for a structur-
ally similar system was found to be active in transferring
energy from a Ru–tpy photoactive center to a C60 energy ac-
ceptor.[12] Furthermore, literature has pointed out that triplet–
triplet energy transfer in related structures proceeds exclusively
via the Dexter-type energy transfer.[2] This type of energy trans-
fer proceeds via a super-exchange mechanism and requires or-
bital overlap.[18] In the PTRuC60, the
3MLCT state of the Ru-pho-
tocenter is the energy donor, in view of its molecular structure,
orbital overlap between the directly connected tpy–C60 ligand
and C60 can be expected to be stronger than that of the tpy–
PTZ ligand and C60 (which is relatively far away). Thus, it is rea-
sonable to consider that the 3MLCTtpy–C60 excited state transfers
energy to C60 to form
3C60* whereas the
3MLCTtpy–PTZ excited
state is specific to generate the CSS. In addition, the observed
fast kinetic components, that is, 20 ps for energy transfer and
3 ps for formation of the intermediate CSS in the electron
transfer pathway, can kinetically compete with ILET (inter-
ligand electron transfer), which causes the thermalization of
MLCT states initially localized on different ligands towards the
lowest MLCT state. ILET in related RuII polypyridyl complexes is
reported to be in the range of several ps.[15,19, 20] The actually
observed rate for this process depends on the relative energies
of the two MLCT states and the solvent environment. The ex-
change interaction in the tpy–PTZ ligand, which is conjugated
over a larger range, is comparably weaker than in the tpy–C60
ligand. Hence, the energetic splitting between the 1MLCTtpy–C60
(which is probed in the RR spectra) and the 3MLCTtpy–C60 is
larger than the energy gap between the 1MLCTtpy–PTZ and
3MLCTtpy–PTZ.
[21] As a consequence, the energetic ordering of the
1MLCT states (as determined from the dispersion in the RR
data) is assumed to become inverted in the triplet manifold.
The same situation holds true for the PTRu dyad, that is, the
3MLCTtpy is energetically lower than the
3MLCTtpy–PTZ state.
Hence, slow ground state recovery is observed (as well as com-
paratively slow energy transfer in the triad PTRuC60) despite
the fact that the formation of the charge separated states in
either of the systems should be kinetically favored. However,
the initial distribution of 1MLCT states determines the upper
Figure 4. Transient absorption spectra (left) at selected delay times and
decay-associated spectra (right) resulting from the global fit upon excitation
at 520 nm in dichloromethane for triad PTRuC60 (a, b) and dyad PTRu (c,d).
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limit of molecules that can actually undergo intramolecular
electron transfer.
Hence, the combined fs/ns TA and RR data lead to the con-
clusion that the decay pathway depends on the specific MLCT
state excited and the ratios vary with excitation wavelength.
The decay processes of the triad and the dyad after photoexci-
tation are summarized in Scheme 2. Thus, the observed results
indicate that the generally accepted picture that all (slow and
function determining) photochemistry in Ru–polypyridine com-
plexes stems from a single low-lying 3MLCT state might have
to be revisited to account for more complex coordination
spheres which give rise to electronically and structurally dis-
tinct MLCT states.[11b,c]
Conclusion
Aside from tuning the donor–acceptor distances, the nature of
the spacers, or the driving forces for charge transfer, it is
shown herein that the excitation wavelength for the photoac-
tive unit might provide an additional—up to now scarcely em-
ployed— handle to tune the photo-chemistry and -physics of
coordination compounds. This can happen not only on a sub-
ps timescale but (more importantly) on the chemically more
relevant nanosecond timescale.
Experimental Section
Spectroelectrochemical measurements were performed in a home-
built three-electrode thin-layer cell with a path length of 1 mm
(Bioanalytical System).[22] The three-electrode setup consists of
a transparent platinum mesh working electrode, a platinum wire
counter electrode and an Ag/AgCl reference electrode. Potentials
were tuned using a PC-controlled potentiostat. All potentials given
in the manuscript refer to ferrocene as standard. The correspond-
ing UV/Vis spectra were recorded on a double-beam Cary 5000
UV/Vis spectrometer (Varian, USA) at room temperature. Both the
oxidative and reductive SEC were reversible by obtaining the re-
covered initial sample absorption when a zero voltage cycle being
applied to the working electrode.
Femtosecond (fs) transient absorption spectra were collected by
using a previously reported home-built pump-probe laser system
which is based on an amplified Ti: Sapphire oscillator (Libra, Coher-
ent Inc.[23] PTRuC60 and PTRu were excited by pump pulse cen-
tered at 520 nm (TOPASwhite, Lightconversion Ltd.) with a duration
of 110 fs. The power of the pump beam was kept at 0.3 mW
before samples and the beam diameter of the pump is 0.38 mm
inside the sample volume. A white light supercontinuum generat-
ed by a rotating CaF2 plate is used to probe the samples in a wide
spectral range (340–800 nm). The probe beam is delayed in time
with respect to the pump beam by means of an optical delay line
and the polarization between probe and pump is set at the magic
angle (54.78). Steady-state absorption spectra (Jasco, V-530 spec-
trometer) were collected before and after each transient absorp-
tion measurement to ensure sample integrity. Each solution (opti-
cal density ca. 0.2 at the excitation wavelength) was kept in
a 1 mm quartz cuvette. Transient absorption data were displayed
after chirp correction. The transient absorption data was analyzed
by a global multi-exponential fit after exclusion of a temporal
window of 200 fs around time-zero in order to avoid contributions
of the coherent-artifact region to the data analysis. Furthermore,
a spectral band of 20 nm around the pump-wavelength is omitted
from the data analysis due to pump-scatter in this spectral range.
Nanosecond (ns) transient absorption spectra[12] were collected to
study the long-lived species appearing in fs transient absorption
data. The pump pulses centered at 456, 476, and 520 nm were pro-
duced by a Continuum Surelite OPO Plus which is pumped by an
Nd: YAG laser system (pulse duration 5 ns, repetition rate 10 Hz).
The probe light is provided by a 75 W xenon arc lamp. Spherical
concave mirrors are used to focus the probe beam into the sam-
ples and then send the beam to the monochromator (Acton,
Princeton Instruments). The probe light is detected by a Hamamat-
su R928 photomultiplier. The signal is amplified and processed by
a commercially available detection system (Pascher Instruments
AB). For the excitation-wavelength-dependent measurements, each
sample was fresh prepared and the optical density (ca. 0.37) at the
excitation wavelengths (456, 476, and 520 nm) was kept the same.
For all measurements, the power of the pump beam was kept at
0.35 mJ. Oxygen-free solution was prepared by at least four
freeze–pump–thaw cycles. All measurements were performed in
1 cm path length fluorescence cuvettes. A spectral band of 20 nm
around the pump wavelength is omitted from the data analysis
due to pump-scatter in this spectral range.
Resonance Raman spectra were recorded with a conventional 908
scattering arrangement.[24] Excitation wavelengths at 458, 476 and
515 nm (Model Coherent Innova 300C MotoFreD Ion Laser) were
used which are equal or very close to the excitation wavelengths
performed in ns transient absorption experiments. Optical density
at the excitation wavelength of samples was kept at ca. 0.2 in
1 mm quartz cuvette. A rotating cell was utilized to prevent
sample decomposition. No changes in the absorption band were
observed before and after the RR measurements.
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Spectrum of the fully CSS (PTZ·+-C60·-) 
For the absorption features of oxidized PTZ in the main manuscript,  we would like to point out that compared with the 
pristine PTZ radical cation reported elsewhere the maximum absorption is at ca. 520 nm,[1] the absorption of PTZ·+(at 
580 nm) in our systems appears red-shifted. This is explained by an increased delocalization of the excess charge in 
PTZ·+ due to the conjugation of the tpy ligand in the 3-position of the donor. This assumption is supported by literature 
which shows that the absorption of PTZ·+ is very sensitive to the substitution patterns.[2] By simply adding up the 
absorption of PTZ·+ and C60·- the spectrum of the fully CSS (PTZ·+-C60·-) can be obtained. Note that the absorption of 
PTZ·+ at 365 nm is not that pronounced owing to the negative absorption of C60·-. 
 
Figure S1.  Spectrum of the fully CSS (PTZ·+-C60·-) obtained by summing up the oxidized (PTZ·+) and reduced (C60·-) spectroelectrochemical UV-
Vis spectra in the main text (Figure 1e, f). The oxidized and reduced spectra were normalized at the absorption maxima of ground state bleach 















Reductive SEC-UV/Vis spectra of RuC60 
For the reductive SEC, reference compound RuC60 (Figure S2a) containing a C60, octyloxy functionalized para-
phenyleneethynylene spacer and a [Ru (tpy)2]2+ complex without electron donor PTZ was used.[3] The SEC absorption 
difference spectra of C60·- were smoothed by the method of adjacent-averaging of 20 points of window. For comparison, 
the original and smoothed spectra are showed in Figure S2b.  
 
Figure S2.  (a) Molecular structure of the RuC60 used for the reductive spectroelectrochemistry and (b) comparison of the raw (red and blue ones) 


















Global fit result of the ns TA data of PTRu 
 
Figure S3. Global fit result of the ns TA data of PTRu upon excitation at 520 nm in aerated DCM gives out only one species with a life time of ~9 



















Integrated kinetic traces of the ns TA data of PTRuC60  
Integrated kinetic traces over the two bands, i.e. the spectral region specific to the CSS (540-630 nm) and 3C60* (640-850 
nm) in the ns TA spectra of PTRuC60 upon different excitation wavelengths were obtained. Clearly, two decay processes 
on different timescales were observed which further illustrate two different final states after photoexcitation. From the 
normalized spectra the excitation-wavelength dependent properties were apparent. Upon shifting the excitation to low 
wavelength the intensity of the CSS trace decreases (from Figure S4a to S4c).  
 
Figure S4. Integrated kinetic traces over the two bands which belong to the CSS (540-630 nm, red square) and 3C60* (640-850 nm, black triangle) 
of the ns transient absorption data of PTRuC60 upon excitation at (a) 520, (b) 476 and (c) 456 nm in aerated DCM. The data were normalized by 



















Global fits of the ns TA data of PTRuC60 
The global fits of the ns TA data of PTRuC60 upon varying excitation wavelengths yields two species: the relative short 
one (τns1 = 20 ns) mainly dominates at 590 nm (the absorption of PTZ·+) and the longer one (τns2 = 320 ns) dominates at 
700 nm which is assigned to the fully CSS and 3C60* respectively (as has been discussed in the main text).  The 
excitation-wavelength dependent effects are more prominently displayed in the global fitting results, e.g. upon 
decreasing the excitation wavelength from 520 to 456 nm, the intensity of the CSS absorption band decreases by 2.5 
times (all spectra were normalized by the absorption maximum of 3C60*).  
 
Figure S5. Global fit results of the ns transient absorption data of PTRuC60 upon excitation at (a) 520, (b) 476 and (c) 456 nm in aerated DCM. All 
spectra were normalized by the corresponding absorption maximum of 3C60* (at 700 nm) and only show the spectral region above 540 nm where 



















Nanosecond TA spectra of PTRuC60 without oxygen 
The existence of 3C60* was corroborated by comparing the kinetic traces at 700 nm with and without oxygen based on 
the principle that triplet states of organic molecules would be quenched by triplet oxygen, reducing the lifetimes of 
excited states intensively.[3] Comparing the ns data recorded for PTRuC60 in the presence (Figure 1a, d, Figure S5a) and 
absence (Figure S6) of oxygen, it is apparent that τns1 is barely changed (20 ns and 26 ns respectively). However, τns2 
revealing a strong influence of oxygen concentration in solution which increases by a factor of 5 is assigned to the decay 
of 3C60* state.  
 
Figure S6. (a) Nanosecond transient absorption spectra of PTRuC60 at selected times upon excitation at 520 nm in deaerated DCM. (b) 
Corresponding global fit result of the ns transient absorption data which only shows the spectra above 540 nm where displays significant 
characteristics. (c) Decay kinetics with respective fit curves at 700 nm where 3C60* has the maximum absorption in the presence (blue, triangle) 












Excitation-wavelength dependent RR spectra of PTRu 
Similar to triad PTRuC60, all RR spectra of dyad PTRu display PTZ (blue dotted line) and tpy (red dashed line) 
associated bands. Clearly the relative signal intensities of PTZ and tpy associated bands change with excitation 
wavelengths (see inset in Figure S7). Decreasing excitation wavelengths (from 515 to 458 nm) results in decreased RR 
signals of PTZ associated bands ( v
~
= 1596, 1575, 1352 and 1046 cm-1). Additionally the mode ( v
~
= 848 cm-1) which 
belongs to PTZ becomes less prominent when changing the excitation from 515 to 458 nm. It indicates that the electron 
density of the excited state mainly dominates at the free tpy ligand by decreasing excitation wavelengths. Thus the 
energy of 1MLCTtpy-PTZ excited state is lower than that of 1MLCTtpy excited state. 
 
Figure S7. Resonance Raman spectra of PTRu in DCM with excitation wavelengths at (a) 515, (b) 476 and (c) 458 nm. The spectra were 
normalized to the solvent band (asterisks) at 1420 cm-1 and only modes showing distinct differences were marked.  Color code: PTZ associated 
bands in blue dotted line, tpy associated bands in red dashed line. Inset: band areas of the PTZ (Atpy-PTZ, blue) and tpy (Atpy, red) associated bands 













Raman data of PTRuC60 and PTRu 
Table S1. Assignment of the Raman data of triad PTRuC60 and dyad PTRu. Only the modes showing distinct difference in signal intensities of the 
RR spectra upon varying the excitation wavelength were listed in the table. These values are in cm-1. The assignment was based on the 
unsubstituted [Ru(tpy)2](PF6)2 and N-methylphenothiazine (N-MePTZ) reported in literature. Note that N-MePTZ was measured in solid state and it 
would show +5 cm-1 shift upon dissolution. 
 
Assignment 
PTRuC60 a PTRu [Ru(tpy)2](PF6)2b N-MePTZ c 
tpy 1606, 1604, 1607 1607 (sh), 1606,1609 1602 
 
PTZ 1596, 1595 (sh), - 1597, 1598, 1600 
 
1591 
PTZ 1574, 1574, 1578  1575, 1575, 1578 
 
1569 
tpy 1559, 1559, 1562 1560, 1560, 1562 1559 
 
tpy - 1547, 1547, 1549 1549 
 
tpy 1469, 1470, 1470 1468, 1469, 1470 1470 
 
PTZ 1464 (sh), -, - - 
 
1458 
PTZ 1352, 1354, 1356 1352, 1354, 1356 
 
1361 
PTZ 1337 (sh), 1337 (sh), -  - 
 
1333 
tpy - -, 1096, 1096 1094 
 
PTZ  1046, 1046, - 
 
1038 
tpy  1017, 1017, 1018 1018 
 
PTZ  848, 848, - 
 
841 
a for triad PTRuC60, only shows the data in the 1640-1320 cm-1 ranges. (sh) = shoulder. For triad PTRuC60 and dyad PTRu, the RR data were 
collected in dichloromethane. b taken from reference (reference [13] in main text) which was measured in acetonitrile. c taken from reference 





v~ / cm-1 v~ / cm-1 v~ / cm-1 v~ / cm-1 
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Direct detection of the photoinduced charge-
separated state in a Ru(II) bis(terpyridine)–
polyoxometalate molecular dyad†
Yusen Luo,ab Maria Wa¨chtler,b Kevin Barthelmes,cd Andreas Winter, cd
Ulrich S. Schubert cd and Benjamin Dietzek *abd
Observation of photoinduced intramolecular charge-separation is
diﬃcult for photosensitizer–POM dyads because of rapid backward
electron transfer. We report here for the first time on a long-lived
charge-separated state (s = 470 ns) observed in a Ru(II) bis(terpyridine)-
based dyad. Charge-separation occurs despite virtually no driving
force and the short intrinsic excited-state lifetime of the
photosensitizer.
To convert solar radiation to solar fuels, multi-functional intra-
molecular photocatalytic systems have attracted much attention
in the past few decades.1–4 The photo-populated charge-
separated states (CSS), which are essential intermediates in
artificial photosynthesis, should exhibit sufficient lifetimes to
react with external redox reactants, e.g. light-driven water-
splitting.5–9 Polyoxometalates (POMs),10,11 which can store several
electrons with very small structural change, emerged as promising
model compounds, in particular due to the fact that reduced
POMs are efficient photo-/electro-catalysts for proton reduction.12–16
Since POMs barely absorb visible light, the incorporation of photo-
sensitizers is necessary to improve the absorption of solar
irradiation.17 Thus, by virtue of proper surface functionalization
several covalent photosensitizer–POMdyads have been fabricated.15–18
Despite the remarkable electrochemical and electrocatalytic
properties of POMs, there are only few examples in the literature
on photoinduced electron transfer in covalent photosensitizer–
POM dyads.19–23 For example, Hill and coworkers reported
the direct observation of a short-lived CSS in a Re(I)–POM
(Dawson-type; lifetime of 1.4 ps) using time-resolved absorption
spectroscopy.19 Proust and coworkers showed the quenching of
photosensitizer emission in heteroleptic Ru(II) tris(bipyridine)–
POM systems (either Keggin- or Dawson-type).20 However, no
long-lived CSS was observed in either of these dyads, which was
rationalized by either fast charge recombination or very low
yields of the CSS.20 In order to improve the photophysical
properties of the photosensitizer, the same group replaced the
covalently linked Ru(II) photosensitizer by an Ir(III) one. This led
to the observation of spectral evidence for intramolecular CSS
involving the POM as an acceptor unit. The lifetimes of the CSS
(ranging from 2 to 480 ns) represent the longest values reported
to date.21 Fukuzumi and coworkers investigated Sn(IV) porphyrins
as photosensitizers in covalently linked photosensitizer–POM
dyads (Keggin-type). These authors observed a partial quenching
of the emission from the Sn(IV) porphyrins in the dyad. However,
no spectroscopic signature of the CSS itself was found, which was
interpreted as back electron transfer occurring with a higher rate
than the forward electron transfer.22 Thus, based on the literature
the general picture seems to emerge that CSS in molecular dyads
containing POMs as acceptor units are rather short lived19,23 and,
in some cases, elude direct detection at all.20,22
Some of us recently reported the synthesis of the photo-
sensitizer–POM dyad Ru–POM, which contains a Ru(II)–bis(terpyr-
idine) photosensitizer and a Keggin-type POM ([PW11O39Ge]
4)
(Scheme 1b).24 The utilization of the Ru(II)–bis(terpyridine) unit as
a photosensitizer is motivated by its ability to construct linear
structures without inducing geometric or optical isomers.25,26 In
this contribution we will show that despite the relatively short
excited-state lifetime inherent to the Ru(II)–bis(terpyridine)
complex (e.g. 124 ps in acetonitrile27 and 250 ps in water28 for
Ru(tpy)2
2+, while the lifetime, of course, can be affected by the
substituents on the tpy ligands29,30), photoinduced electron
transfer to the POM takes place in Ru–POM. To the best of
our knowledge, it is the first time to spectroscopically detect a
long-lived CSS in photosensitizer–POM dyads when Ru(II)–bis-
(terpyridine) acts as the photosensitizer.
First insight into the interactions of the individual functional
units in the dyad has been gained from steady-state emission
spectroscopy (see Fig. S1b, ESI†): upon excitation of the 1MLCT
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transition (lex = 520 nm) the reference compound Ru and the
dyad Ru–POM were found to emit at ca. 674 nm, which is
slightly red-shifted as compared to a dinuclear Ru–Ru-complex
with a related linker structure.31 When the length of the
extended ligand in Ru is reduced, as in Ru–ph having no
additional substituted phenyl ring, the emission becomes
slightly blue-shifted (see data of Ru–ph shown in the ESI,† for
molecular structure of Ru–ph see the inset in Fig. S2a).24 This is
attributed to the increased p-conjugation on the tpy ligand in Ru
and Ru–POM.26,31 In Ru–POM the emission decreases by 15%
compared to Ru, which indicates the existence of additional
non-radiative decay pathways of the emissive excited state.
The ns transient absorption (TA) spectra in Fig. 1 provide
direct evidence that the decay of the 3MLCT state in Ru–POM
qualitatively differs from the situation in Ru, i.e. it involves two
kinetically distinct processes: between 10 and 50 ns after
excitation the positive excited-state absorption (ESA) band at
400 nm decays completely while the band at 680 nm decreases
by only ca. 80%. The remaining signal amplitude decays on a
sub-ms timescale. This behaviour is fundamentally different
from the ns kinetics of the structurally more simple complex
Ru, for which the 3MLCT state completely decays within 50 ns
(Fig. 1b). This observation indicates that the introduction of the
POM causes a secondary long-lived state to become available
after photoexcitation of the Ru–POM dyad. The decay of this
state is reflected in the ns transient absorption kinetics shown
in Fig. 1d. The integrated kinetics clearly demonstrates that the
ESA of Ru–POM decays bi-exponentially while the decay of the
reference complex Ru is mono-exponential (Fig. 1d). A global fit
(Fig. 1c and Fig. S3b, ESI†) of the ns TA data of Ru–POM yields a
short-lived component, tns1r 10 ns, which has a much stronger
absorption intensity (91% of the overall ns decay amplitude, see
Fig. S3b, ESI†) than the long-lived one (tns2 = 470 ns, 9% of the
overall ns decay amplitude). The short-lived species (tns1) in Ru–
POM resembles the ns decay kinetics and spectral features of the
reference Ru (Fig. 1c, see Fig. S2 for more information, ESI†).
Thus, the process reflected in tns1 is attributed to the decay of
the 3MLCT state in Ru–POM. (We would like to point out that
the value of tns1 is close to the time resolution of the ns
transient absorption setup. Thus this ns rate is more reliably
determined via fs resolved transient absorption spectroscopy
with a long optical delay line, see Fig. S4, ESI†.) However, the
relaxation of the 3MLCT state in Ru–POM does not exclusively
repopulate the ground state but a small fraction decays via the
POM-associated intermediate state whose decay is associated
with tns2. The presence of oxygen changes the lifetime of this
intermediate state (tns2) only slightly: tns2 = 470 ns in aerated
solution vs. 570 ns in deaerated solution (Fig. S3c, d and Fig. S5,
ESI†). This 20% increase of the lifetime in oxygen-free solution
is minute compared to the effect of oxygen on the lifetime of
triplet states in organic molecules, e.g. in C60 the triplet state
lifetime increases from 800 ns to 13 ms upon removal of
oxygen;29 the lifetime of the 3MLCT state in Ru(bpy)3
2+ is 200
and 870 ns with and without oxygen, respectively.32 This
indicates that the species related to tns2 is not a triplet state,
e.g. a secondary 3MLCT, whose lifetime will be increased
significantly in the absence of oxygen.33 Hence, we assign the
long-lived POM-induced state to a charge-separated state, i.e.
RuIII(tpy)2–POM
.
The additional quenching pathway of the excited 3MLCT
state in Ru–POM is further supported by the slightly shortened
lifetime of the 3MLCT state in Ru–POM (t = 5.4 ns, Fig. S4b,
ESI†) compared to the reference Ru (t = 6.5 ns, Fig. S4d, ESI†).
Scheme 1 Schematic representation of the molecular structures of
(a) the reference Ru and (b) the Ru–POM dyad studied in this work. POM is
[PW11O39Ge]
4 and BMIm+ stands for the 1-butyl-3-methyl-1H-imidazol-3-ium
cation. Colour code: WO6 octahedron, blue; PO4 tetrahedron, green.
Fig. 1 ns transient absorption spectra at selected times of (a) Ru–POM
and (b) Ru upon excitation at 520 nm in aerated DMSO. For comparison
the fs TA spectrum at 1.8 ns was added (grey solid line). The fs TA spectrum
(1.8 ns) and ns TA spectrum (at 10 ns) were normalized at 680 nm. The
black dotted line represents the inverted ground state absorption spectrum
of (a) Ru–POM and (b) Ru. (c) Global fit results of the ns TA data. The green
dashed line shows the simulated absorption spectrum of RuIII(tpy)2–POM

according to the spectroelectrochemical results (see Fig. S6, ESI†). All
spectra were normalized at 680 nm and the simulated absorption spectrum
calculated as the RuIII(tpy)2–POM
 was smoothed (for raw data, see
Fig. S7, ESI†). (d) Normalized integrated kinetic trace of Ru–POM (black)
and Ru (blue). The pump–probe data were spectrally integrated in the
probe-wavelengths range between 540 and 750 nm. Inset: The enlargement
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This additional deactivation pathway is assumed to be associated
with the electron transfer from the 3MLCT state to establish the
charge-separated state RuIII(tpy)2–POM
. Thus, the electron-
transfer rate constant kCS in Ru–POM can be estimated by
kCS = 1/t  k0, where k0 is 1/6.5 ns1. This estimation yields
kCS = 3.13  107 s1 (i.e. tCS = kCS1 = 32 ns). As a result, a roughly
16% yield of RuIII(tpy)2–POM
 was obtained according to the
fs TA data (kCS/(kCS + k0)), which is consistent with the slightly
quenched emission intensity of Ru–POM (15%, Fig. S1b, ESI†)
as well as the small contribution to the overall ns decay
amplitude observed in the ns TA data of Ru–POM (9%, Fig. 1d
and Fig. S3b, ESI†).
In order to corroborate this assignment, UV/vis spectroelectro-
chemistry (SEC) was performed (Fig. S6, ESI†) on the individual
molecular fragments POM (for molecular structure, see Fig. S6c,
ESI†) and Ru: upon one-electron reduction of the POM (i.e.
formation of POM), a broad absorption band above 450 nm
arises (Fig. S6a, ESI†). The peak of this reduction-induced band is
at ca. 670 nm and is accompanied by an absorption decrease
below 450 nm (Fig. S6a, ESI†). The oxidation of Ru shows the
growth of a new absorption band centred at 406 nm, a decrease of
the absorption band at 370 nm along with a loss of 1MLCT
intensity (Fig. S6b, ESI†). Based on the SEC data, the spectrum of
RuIII(tpy)2–POM
 can be approximated (Fig. 1c, and see Fig. S7
for details, ESI†). This approximation yields a good agreement
with the TA spectrum of the long-lived ns species (tns2, Fig. 1c),
which further adds to the conclusion that upon introduction
of the POM unit to the Ru core the charge-separated state
RuIII(tpy)2–POM
 becomes accessible upon MLCT excitation.
We ascribe the formation of the spectral features of the reduced
POM to the charge transfer from the photoexcited Ru-center
and exclude a previously suggested mechanism that involves
reductive quenching of a POM centered electronically excited
state by radical-ion-pair formation.34 This is due to the fact that
the [PW11O39Ge]
4 cluster does not absorb at the excitation
wavelength (Fig. S1a, ESI†) and the spectral features observed
in the transient absorption experiment point to the presence of
intramolecular electron transfer instead of energy transfer.
Notably, the calculations of the driving force (details for the
calculation can be found in the ESI†) based on the Rehm–Weller
equation show that the electron transfer from the photoexcited
Ru(II) complex to the POM is a slight uphill process DGCS ¼

0:12 eV in DMF and  DGCS ¼ 0:11 eV in DMSOÞ – or,
given the uncertainties that are associated with the estimation
of the driving force based on the Rehm–Weller equation, electron
transfer is at best when occurring with virtually no driving force.
Nevertheless this process is observed experimentally (see above).
This finding is reminiscent of Campagna’s observation of a
photoinduced electron transfer in an Os(II)–bis(terpyridine)-
pyridinium molecular dyad occurring with a positive driving force
of similarmagnitude DGCS ¼ 0:12 eV
 
.35 However, for another
dyad with a larger positive driving force DGCS ¼ 0:22 eV
 
, no
CSS was detected.35 It was thus concluded that ‘‘photoinduced
electron transfer can occur within multicomponent systems in spite
of driving forces virtually approaching zero.’’35 To the best of
our knowledge, the data shown here present the first observation
of an intramolecular electron transfer in a Ru(tpy)2–POM dyad –
even taking place with virtually no driving force and in spite of
the relative short excited-state lifetime of the Ru–tpy photo-
sensitizer (e.g. 6.5 ns for the reference Ru in DMSO). The slow
charge separation (tCS = kCS
1 = 32 ns) and the even slower
charge recombination (tCR = 470 ns) point to the fact that the
slightly endergonic electron transfer is thermally activated.
To shed light on the details of the light-induced excited-state
pathways, fs TA spectroscopy was employed. In Fig. 2 the data
collected by a short (up to 1.8 ns) and a long optical delay line (up
to 9.5 ns) are merged (see ESI,† Fig. S4a, for the normalization
procedure). The diﬀerential absorption spectra (Fig. 2a) are
dominated by the ground state bleach (GSB) centred at 487 nm
accompanied by ESA from 360 to 430 nm and from 550 to
750 nm. The spectra show the typical TA features of a
[Ru(tpy)2]
2+-3MLCT state, including the ligand-centred band at
ca. 385 nm.27,36 This band is due to p–p* transitions localized
on the reduced ligands.27 The ESA maximum at early times (i.e.
at 0.3 ps) appears at 690 nm and subsequently shifts to a
shorter probe-wavelength, i.e. to 675 nm at 10 ps, while the
overall band intensity increases. Subsequently, the spectral
shape of the excited state absorption signal remains unchanged
within the experimental window (9.5 ns). The fast shift of
the ESA maximum is reflected in the decay-associated spectra
(t1 = 1.3 ns in Fig. 2b) and is assigned to contributions of
vibrational cooling and interligand electron transfer within the
3MLCT manifold.26 As a result of this initial relaxation, a
thermalized 3MLCT state is formed, for which the excess electron
density is localized on the ligand with the lowest accepting
orbitals,37 i.e. the extended tpy-ligand (3MLCTtpy–POM). Hence,
the structural changes, e.g. photoinduced planarization of the
extended terpyridine ligand in a related system,29 are not
involved (it is not indicated by Fig. 2b). The second species
(t2 = 5400 ps) (Fig. 2b) in the fs TA data is assigned to the decay
of the thermalized 3MLCT state as discussed before. Furthermore,
a small offset is required in order to account quantitatively for the
data (tinf in Fig. 2b). As has been discussed in the ns TA data,
it represents RuIII(tpy)2–POM
. The relaxation processes in
photoexcited Ru–POM are summarized in Scheme 2.
Fig. 2 fs transient absorption spectra (a) at selected delay times and
decay-associated spectra (b) resulting from the global fit upon excitation
at 520 nm in aerated DMSO for Ru–POM. The last two spectra were taken
from the fs TA data collected by a longer optical delay line (Fig. S4a, ESI†) and
were scaled according to the absorption spectrum at 1750 ps at 680 nm for
Ru–POM. The grey dashed line represents the shape of the corresponding
inverted ground state absorption spectrum. The ground state absorption
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In summary, we have successfully detected the formation of
RuIII(tpy)2–POM
 in a molecular dyad Ru–POM containing the
Ru(II)–bis(terpyridine) photosensitizer using time-resolved
spectroscopy. Ru–POM is the first photosensitizer–POM dyad
in which intramolecular electron transfer was identified even
though the driving force is close to zero DGCS ¼ 0:12 eV
 
and
despite the fact that the intrinsic excited-state lifetime of the
photosensitizer, i.e. the Ru(tpy)2 unit, is relatively short. The
lifetime (t = 470 ns) of RuIII(tpy)2–POM
 is comparable to the
longest lifetime of such a state reported in the literature for
covalently bonded photosensitizer–POM dyads (t = 482  13 ns). To
further understand this process, temperature-dependent time-
resolved spectroscopy will be performed to study how the electron-
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General methods
The synthesis, electrochemistry and steady-state absorption and emission spectra of the dyad 
and the Ru complexes have been reported previously.1,2 Steady-state UV/Vis absorption 
spectra (Figure S1a) and emission spectra (Figure S1b) collected in dimethyl sulfoxide 
(DMSO) are summarized for convenience. Steady-state UV/Vis absorption spectra were 
recorded with a JASCO V-670 spectrophotometer in a quartz cell with 1 mm path length. 
Steady-state emission spectra (λex = 520 nm, optical density of each sample was adjusted to 
0.1 at 520 nm) were recorded with a fluorescence spectrometer (Fluorolog, Horiba group) in a 
1 cm quartz cell. For the time-resolved experiments the stability of samples was ensured by 
recording the steady-state UV/Vis absorption spectra before and after every measurement. 
Electrochemistry. UV/Vis spectroelectrochemistry (SEC) measurements were performed in a 
home-built three-electrode thin-layer cell with an optical path length of 1 mm (Bioanalytical 
System, USA).3 The three-electrode setup consists of a transparent platinum mesh working 
electrode, a platinum wire counter electrode, and an Ag/AgCl reference electrode. All 
potentials given in the manuscript refer to ferrocene as standard. The corresponding UV/Vis 
spectra were recorded on a single-beam spectrometer (Avantes, Avalight-DH-S-BAL) at room 
temperature. Because of the limited electrochemical window of DMSO, the electrochemistry1 
and SEC spectra were collected in dimethylformamide (DMF). 
Time-Resolved Transient Absorption Spectroscopy. Femtosecond (fs) transient absorption 
spectra were collected by two different home-built pump-probe setups. Each setup is based on 
an amplified Ti: Sapphire oscillator (1 kHz, 800 nm).4 The compounds were excited by pump 
pulses centered at 520 nm (TOPAS-C, Lightconversion Ltd.) with a duration of 80 fs. The 
power of the pump beam at the sample was kept at 0.45 mW, corresponding to an energy of 
0.9 µJ per pump pulse. For measurements with a longer delay time range (up to 9.5 ns) the 
compounds were excited at 520 nm (TOPASwhite, Lightconversion Ltd.) with a duration of 
110 fs. The power of the pump beam at the sample was kept at 0.3 mW, corresponding to an 
energy of 0.6 µJ per pump pulse. For both setups, a white light supercontinuum generated by 
focusing a fraction of the fundamental in a CaF2 plate is used to probe the absorbance of the 
sample between 340 to 800 nm. The pump beam is delayed in time with respect to the probe 
beam by means of an optical delay line and the polarization between probe and pump is set at 
the magic angle (54.7°). Each sample solution (adjusted to yield an optical density of 0.2 at 
520 nm) was kept in a 1 mm quartz cuvette. Transient absorption data were corrected for the 
chirp of the probe light and analyzed by a global multi-exponential fit after exclusion of a 
temporal window of 200 fs around time-zero in order to avoid contributions of the coherent-
artifact region5 to the data analysis. 
Nanosecond (ns) transient absorption spectra2 were collected to study the lifetime of the long-
lived species, which are visible in the fs transient absorption data. The pump pulses centered 
at 520 nm were produced by a Continuum OPO Plus which is pumped by a continuum 
surelite Nd:YAG laser system (pulse duration 5 ns, repetition rate 10 Hz). The probe light is 
provided by a 75 W xenon arc lamp. Spherical concave mirrors are used to focus the probe 
beam into the samples and then to send the beam to the monochromator (Acton, Princeton 
Instruments). The spectrally selected probe light is detected by a Hamamatsu R928 
S2
photomultiplier. The signal is amplified and processed by a commercially available detection 
system (Pascher Instruments AB).  Each sample was freshly prepared for the ns transient 
absorption measurements yielding an optical density of about 0.37 at the excitation 
wavelength, i.e. at 520 nm. All measurements were performed in 1 cm path length 
fluorescence cuvettes. For all measurements, the energy of the pump pulses was kept at 0.25 
mJ. Oxygen-free solutions were realized by at least five freeze-pump-thaw cycles. 
Considering the limited solubility of compounds studied in this manuscript, all spectroscopic 
experiments were performed upon dissolving the POM containing samples in DMSO.
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UV/Vis absorption spectra and steady-state emission spectra 
Figure S1. (a) UV-vis absorption spectra (OD520 nm = 0.2 for fs transient absorption measurement) and (b) 
normalized steady-state emission spectra (λex = 520 nm, OD520 nm = 0.1) of the compounds collected in aerated 
DMSO. The emission spectra were normalized to the Raman band (asterisk) of the solvent DMSO. The 
extinction coefficients of Ru (in dichloromethane, λmax = 487 nm, ε = 3.54 × 104 M-1·cm-1) and Ru-POM (in 
DMSO, λmax = 493 nm, ε = 2.68 × 104 M-1·cm-1) have been reported.1, 2 
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ns TA spectra of reference Ru-ph and Ru
Figure S2. Nanosecond (ns) transient absorption (TA) spectra at selected times of (a) Ru-ph and (b) Ru upon 
excitation at 520 nm in aerated DMSO. (c) Normalized (at 680 nm) global fit results of the ns TA data. For 
comparison the fast component in global fit results of dyad Ru-POM was added. (d) Normalized integrated 
kinetic trace of Ru-POM (black), Ru (blue) and Ru-ph (dark yellow). The pump-probe data were spectrally 
integrated in the probe-wavelengths range between 540 and 750 nm. Inset: The enlargement of the time region 
up to 110 ns. 
The lifetime of the short-lived species (τns1 ≤ 10 ns) in Ru-POM resembles the ns decay 
kinetics of the reference complexes Ru and Ru-ph (Fig. S2c). The comparison of the ns TA 
spectra of Ru and Ru-ph reveals that the excited-state absorption of 3MLCT shifts 
bathochromically upon increasing the conjugated chromophore (680 nm for Ru vs. 620 nm 
for Ru-ph, see Fig. S2a, b). Since the short-lived species (τns1) in Ru-POM shows quite 
similar spectral features to reference Ru (Fig. S2c), thus Ru is considered to be a more 
appropriate reference for studying the impact of the POM on the light-induced processes.
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ns TA spectra of Ru-POM
Figure S3. Nanosecond (ns) transient absorption (TA) spectra at selected times of Ru-POM upon excitation at 
520 nm in (a) aerated and (c) deaerated DMSO. (b and d): Corresponding global fit results of the ns TA data. 
Note: The time constant for the first species (10 ns) obtained from the global fit is close to the time resolution of 
our setup. In order to obtain a more reliable value of this process fs TA spectra with a longer delay line (~9.5 ns) 
was used (see Figure S4a).
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fs TA spectra of Ru-POM and Ru at longer time scale
Figure S4. Femtosecond (fs) transient absorption (TA) spectra at selected times of (a) Ru-POM and (c) Ru 
upon excitation at 520 nm in aerated DMSO in the time range of 1750 to 9500 ps. For Ru-POM, to combine the 
fs TA data collected by a short (see text) and a long optical delay line, the spectra were scaled according to the 
spectrum obtained by the short delay line at 1750 ps at 680 nm (grey solid line). Decay-associated spectra of (b) 
Ru-POM and (d) Ru.
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Integrated kinetic trace of the ns TA data of Ru-POM 
Figure S5. Normalized integrated kinetic trace at the spectral region between 540 and 750 nm where shows 
significant absorption signals of both species in ns TA data of Ru-POM collected upon excitation at 520 nm in 
(a) aerated and (b) deaerated DMSO. Inset: The enlargement of the time region up to 425 ns. 
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SEC absorption difference spectra 
Figure S6. Spectroelectrochemical UV/Vis absorption difference spectra of (a) POM·- and (b) RuIII collected in 
DMF by reduction of POM (c) and oxidation of Ru (d), respectively. Potentials are given vs. Fc+/0.
S9
Comparison of the sub-μs species ns TA data with the SEC results
Figure S7. Comparison of the long-lived species in global fit results of the ns TA data with the simulated 
spectrum of RuⅢ-POM·- obtained from the SEC. 
The simulation is done by considering that only reduced POM dominates at the wavelength 
region above 550 nm (Figure S6a, b). By normalizing at 670 nm and then comparing the 
absorbance at 370 nm where both POM·- and RuIII absorb the contribution of RuIII can be 
calculated. 
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Driving forces in DMF and DMSO
According to the literature report,6,7 the driving forces in DMF can be calculated by the following 
equation:
ΔG°CS = e (ED+/D –EA/A-) – E00 –   
𝑒24𝜋𝜀0𝜀𝑅𝐷𝐴 
RDA represents the distance between donor and acceptor which was estimated by the optimized 
molecular structure (see Figure S8); ε0 is the vacuum permittivity (8.85×10-12 F/m) and ε is the 
dielectric constant for DMF (ε = 38.25)8. E00 is the energy difference between the thermalized, lowest 
3MLCT excited state and ground state of the Ru(II) complex. As different 3MLCT states are close in 
energy E00 is taken to be 2.07 eV as estimated from the emission spectrum of [Ru(tpy)2]2+ at 77 K (in 
butyronitrile glass).9 The electrochemical data for oxidation (ED+/D = 0.75 V vs. Fc+/Fc) of the Ru(II) 
and reduction (EA/A- = -1.46 V vs. Fc+/Fc) of the POM were taken from ref. 1. 
To calculate the driving force in DMSO, the difference of solvation free enthalpies in different 
solvents used in electrochemistry (i.e. DMF, εref = 38.258) and photo-physical measurement (i.e. 
DMSO, ε = 47.2410) needs to be concerned (the last term):
ΔG°CS = e (ED+/D –EA/A-) – E00 –   – 
𝑒24𝜋𝜀0𝜀𝑅𝐷𝐴 𝑒28𝜋𝜀0 ( 1𝑟𝐷 + + 1𝑟𝐴 ‒ )( 1𝜀𝑟𝑒𝑓 ‒ 1𝜀)
where rD+ and rA- represent the radius of the oxidized donor and reduced acceptor, respectively (see 
Table S1).
Table S1. Estimated radii of neutral electron donors and acceptors.
a radii of electron donors and acceptors were obtained from the optimized molecular structures shown in Figure 
S7 which were measured without considering the outside hydrogens. b shows the comparison to the radii 
obtained from the crystal structures (without hydrogens). c-f were taken from ref. 11-14.
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Optimized molecular structure of Ru-POM
Figure S8. Optimized molecular structure of Ru-POM. For measuring the center-to-center distance the 
ruthenium atom in Ru(II) complex and the central phosphorus atom in POM were used. The center-to-center 
distance between the Ru(II) complex and the POM is 21.9 Å.
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Coexistence of distinct intramolecular electron
transfer pathways in polyoxometalate based
molecular triads†
Yusen Luo,ab Maria Wa¨chtler,b Kevin Barthelmes,cd Andreas Winter, cd
Ulrich S. Schubert cd and Benjamin Dietzek *abd
Polyoxometalate (POM)-associated charge-separated states, formed by the photoinduced oxidation of
a covalently attached photosensitizer and reduction of the POM, have attracted much attention due
to the remarkable catalytic properties of the reduced POMs. However, short lifetimes of the POM-
associated charge-separated state, which in some cases lead to the backward electron transfer being
more rapid than the formation of the charge-separated state itself, are generally observed. Recently,
we reported on the first example of a relative long-lived (t = 470 ns) charge-separated state in a
Ru(II) bis(terpyridine)-POM molecular dyad. In this manuscript, further studies on extended molecular
structures – two molecular triads – which contain an additional electron donor, phenothiazine (PTZ) or
p-extended tetrathiafulvalene (exTTF), are discussed. We show that the excitation of the photosensitizer
leads to the population of two distinct MLCT states, which differ in the distribution of excess electron
density on the two distinct tpy ligands. These two MLCT states decay separately and, thus, constitute the
starting points for distinct intramolecular electron-transfer pathways leading to the simultaneous
population of two partially charge-separated states, i.e. PTZ+-Ru(tpy)2
-POM and PTZ-RuIII(tpy)2-POM
.
These independent decay pathways are unaffected by the choice of the electron donor. Thus, the initial
charge distribution within the coordination environment of the photocenter determines the nature of the
subsequent (partially) charge separated state that is formed in the triads. These results might open new
avenues to design molecular interfaces, in which the directionality of electron transfer can be tuned by
the choice of initial excitation.
Introduction
Facing an increasing renewable energy demand and climate
change artificial photosynthesis has been intensively studied.1–6
In order to convert solar radiation to chemical energy, multi-
functional systems which can execute light harvesting, electron
transfer and catalysis have drawn much attention in the past
few decades.1–11 In this respect, artificial models which contain
electron donors, photosensitizers and electron acceptors connected
by molecular bridges have been constructed. In these artificial
models the structure-dynamics relationship that governs the
formation and stability of the intramolecular charge-separated
states were explored.3,12–15 The charge-separated states should
have sufficient lifetimes to react with external reactants (e.g. in
light-driven water-splitting)15–19 or to be transported into an
external circuit (e.g. in photovoltaics).20–24 Photoinduced dynamics
in artificial models containing electron donors, such as triaryl-
amine,25–27 porphyrin,28–30 ferrocene,31–33 p-extended tetrathia-
fulvalene (exTTF)34,35 and phenothiazine (PTZ),36–40 covalently
linked to electron acceptors such as porphyrins,41,42 perylene43–45
and fullerene,3,40,41,46–48 have been extensively studied in the past
and significant improvements in controlling the charge-separation
and charge-recombination dynamics have been achieved.49–51
Apart from the aforementioned acceptors, polyoxometalates
(POMs),52–54 which are discrete anionic metal-oxygen clusters,
have emerged as electron acceptors. Studies have demonstrated
that POMs can store several electrons with very small structural
change and that the reduced POMs represent efficient photo-/
electro-catalysts.55–60 Although POM functionalization is still
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perceived as non-trivial, several organic moieties anchored onto
specific POMs have been reported.59–62
Despite the remarkable properties of POMs, the photo-
physical properties of the developed photosensitizer-POM dyads
are generally disappointing:63–66 either short-lived65,66 (e.g. with a
lifetime of 1.4 ps) or no charge-separated states63,64 at all were
detected upon excitation of the photosensitizers. Recently, we have
presented the first example of a spectroscopically detectable
charge-separated state in a Ru(II) bis(terpyridine)-based molecular
dyad Ru-POM (Keggin-type POM, [PW11O39Ge]
4, Scheme 1).67 The
lifetime of the charge-separated state RuIII(tpy)2-POM
 (t = 470 ns)
is comparable to the longest lifetime reported in the literature so
far for a covalently connected heteroleptic IrIII phenylpyridyl-POM
dyad (Dawson-type POM, t = 482  13 ns).68 Nevertheless, for the
dyad Ru-POM the oxidative quenching (32 ns) of the 3MLCT state is
much slower than the radiative decay (6.5 ns) of the 3MLCT state
itself, which results in a low yield of RuIII(tpy)2-POM
.67
This finding motivated us to further investigate the molecular
triads built on the dyad architecture, which incorporate an addi-
tional electron donor, either a well-studied PTZ or exTTF, into the
structure (Scheme 1, for details on the synthesis see ref. 69). As a
result the driving forces for charge separation are increased in




1.74 and 1.16 eV, respectively. These values are obtained based on
the electrochemical data by adding the energy necessary to oxidize
and reduce the donor and acceptor, respectively.77 Hence, the
energy is significantly decreased (by ca. 0.6 to 1.0 eV) compared to
that of RuIII(tpy)2-POM
 (2.21 eV). This is expected to cause more
eﬃcient charge separation and longer lifetimes of the fully charge-
separated state. However, in this manuscript, we will show that
the intramolecular distribution of the initial MLCT state in the
unsymmetrical Ru(II) center results in two partially charge-
separated states, e.g. PTZ+-Ru(tpy)2
-POM and PTZ-RuIII(tpy)2-
POM being observed simultaneously, instead of generating the
fully charge-separated state PTZ+-Ru(tpy)2-POM
.
Experimental section
The synthesis and electrochemical properties of the reference
dyads and triads have been reported elsewhere.69,70 To study
the photoinduced dynamics and excited-state properties of the
triads, femtosecond (fs)/nanosecond (ns) transient absorption70–72
and resonance Raman spectroscopy73 were performed. Note:
electrochemistry was performed in DMF because of its wider
electrochemical window compared to DMSO.67,69 All spectro-
scopic measurements were recorded in DMSO. Detailed experi-
mental information is given in the ESI.†
Results and discussion
The first insight into the interactions of the individual func-
tional units in the dyads and triads is gained from steady-state
emission spectroscopy (see Fig. S1, ESI†): upon excitation of the
1MLCT transition (lex = 520 nm) the emission of the photosensitizer-
acceptor, Ru-POM, decreases by 15% compared to the mono-
ruthenium complex Ru.67 This is assigned to the oxidative
quenching of the emissive excited state.67 The incorporation
of PTZ as an additional electron donor, i.e. PTZ-Ru-POM, leads
to further quenching of the emission from the MLCT excited
state (i.e. the emission intensity is reduced by 40% compared to
Ru). The compounds with the stronger electron donor exTTF,
namely exTTF-Ruph and exTTF-Ru-POM, display a fully
quenched emission from the excited Ru(tpy)2 photocenter. This
points to a reductive quenching pathway of the photoexcited
Ru-center, Ru*, being operative in the triads containing the
donor moieties.
Driving forces for charge-separation and charge-recombination
The feasibility of photo-driven charge separation can be esti-
mated by calculating the driving forces for charge separation
(CS) and charge recombination (CR) through the redox potentials
of D+/D (D referring to the electron donor, i.e. PTZ or exTTF),
Scheme 1 Left: Schematic representation of the molecular structures of the dyads and triads studied in this work. POM is [PW11O39Ge]
4 and BMIm+
stands for the 1-butyl-3-methyl-1H-imidazol-3-ium cation. Colour code: WO6 octahedron, blue; PO4 tetrahedron, green. Right: UV/Vis absorption
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POM/POM and tpy/tpy by using the Rehm–Weller equa-
tion.75–77 The resultant free-energy changes related to charge
separation (DGCS) and charge recombination (DGCR) are
listed in Table 1.
The extensively studied dyad PTZ-Ru (in dichloromethane
and acetonitrile)39,40 was chosen as the reference to triad PTZ-
Ru-POM. For comparison, the electrochemical data of PTZ-Ru
were also collected in DMF (Table 1). When comparing the
driving forces (DGCS1) for electron transfer from the PTZ unit
to the photoexcited Ru-center in PTZ-Ru and PTZ-Ru-POM very
similar values are found, i.e. 0.09 eV for PTZ-Ru vs. 0.13 eV for
PTZ-Ru-POM. The small diﬀerence in the driving forces (DGCS1)
results from the slightly cathodically-shifted oxidation and
reduction potential of the PTZ and tpy unit in PTZ-Ru-POM,
respectively.69 This is due to the anionic eﬀect of the POM.69
The similar values for DGCS1 hint to the fact that similar rate
constants for the photoinduced charge-transfer processes might
be expected in both the PTZ-containing dyad and triad. The
situation also holds true when comparing exTTF-Ruph to exTTF-
Ru-POM: both systems display very similar driving forces for
electron transfer from exTTF to the photoexcited Ru-center, i.e.
0.72 vs. 0.78 eV. Due to the stronger electron-donating property
of exTTF (oxidation potential of 0.16 V in the POM-free dyad
exTTF-Ruph) compared to PTZ (oxidation potential of 0.37 V in
the POM-free dyad PTZ-Ru) the driving force for the first electron
transfer in exTTF-Ru-POM is about 0.6 V more negative than that
in PTZ-Ru-POM. This implies that a faster kinetics for charge
separation might be expected upon changing the donor moiety
from PTZ to exTTF. Furthermore, for both PTZ-Ru-POM and
exTTF-Ru-POM, electron transfer from the reductively quenched
photosensitizer to the POM is energetically feasible with DGCS2
of 0.21 and 0.14 eV, respectively. The estimation of the DG1
values is based on the oxidation and reduction potentials, which
were experimentally determined by electrochemical measure-
ments in DMF. In order to account for the fact that DMSO was
used in the spectroscopic experiments, the values listed and
discussed above will have to be corrected by about 0.01 to 0.02 eV
according to literature reported correction procedures75,76 (also
see Tables S1 and S2, ESI† for details).
Time-resolved spectroscopic characterization of the dyad
PTZ-Ru and triad PTZ-Ru-POM
To shed light on the photoinduced excited-state relaxation
pathways, fs and ns transient absorption (TA) spectroscopy
upon optical excitation of the 1MLCT transition of the Ru-
photosensitizer (lex = 520 nm) was employed. The fs TA spectra
of the donor-photosensitizer dyad, i.e. PTZ-Ru, and the donor-
photosensitizer-acceptor triad, i.e. PTZ-Ru-POM, measured in
DMSO, are shown in Fig. 1. In the figure the data collected by a
short (up to 1.8 ns) and a long optical delay line (up to 9.5 ns)
are merged (see Fig. S4, ESI† for normalization procedure). The
diﬀerential absorption spectra (Fig. 1a and c) are dominated by
ground state bleach (GSB) centred at around 500 nm. GSB is
accompanied by excited-state absorption (ESA) from 350 to
425 nm and from 550 to 750 nm. The spectra recorded at short
delay times (e.g. at 0.3 ps) reveal the characteristic absorption of
a [Ru(tpy)2]
2+-based 3MLCT state, including a ligand-centred
band at ca. 380 nm78,79 and a broad band at ca. 625 nm for PTZ-Ru.
In PTZ-Ru-POM both bands undergo a red shift (with a ligand-
centred band at ca. 400 nm and a broad band at ca. 675 nm) which
is owing to the 3MLCT state being more delocalized over the
extended tpy ligand.70,80 For PTZ-Ru, at long delay times (e.g. at
1750 ps) the ESA bands appear blue-shifted to 360 and 596 nm,
respectively. This indicates the formation of the one-electron
oxidized PTZ (PTZ+) according to spectro-electrochemical results
revealing three distinct absorption bands in the absorption spec-
trum of PTZ+ (in dichloromethane and acetonitrile) at 365, 473
and 580 nm.39,40
For quantitative analysis of the fs TA data of PTZ-Ru recorded
in DMSO, a three exponential fit is required (Fig. 1b). The
assignment of the kinetic components is done by referring to
previous studies on PTZ-Ru in two diﬀerent solvents – dichloro-
methane and acetonitrile – which have demonstrated that two
different 3MLCT states are populated upon excitation at
Table 1 Center-to-center distances R, electrochemical data and reaction free-energy changes (DG1) for charge separation (CS) and charge
recombination (CR) in dimethylformamide (DMF)
Center-to-center/Å E1 d/V (vs. Fc+/Fc) DG1 e/eV
R(D-Ru)
a R(D-POM)
a D+/D Ru3+/Ru2+ POM/POM tpy/tpy CS1 CR1 CS2 CR2
PTZ-Ru 9.5 — 0.37 0.78 — 1.65 0.09 1.98 — —
PTZ-Ru-POM 9.5 31.1 0.29 0.75 1.45 1.69 0.13 1.94 0.21 1.73
exTTF-Ruph 8.3b (13.2)c — 0.16 0.84 — 1.55 0.72b (0.70)c 1.35b (1.37)c — —
exTTF-Ru-POM 8.3b (13.2)c 29.5b (35.0)c 0.30 0.84 1.46 1.63 0.78b (0.76)c 1.29b (1.31)c 0.14b (0.16)c 1.15b (1.15)c
a Center-to-center distances (Fig. S2, ESI) between the electron donor (D = PTZ or exTTF) and the RuII complex (RD-Ru) or POM (RD-POM).
b Shortest
distance between exTTF and the RuII complex since the exTTF unit has a butterfly-like shape and consists of four sulphur atoms (Fig. S2b, ESI).
c Longest distance between exTTF and the RuII complex since the exTTF unit has a butterfly-like shape and consists of four sulphur atoms (Fig. S2b,
ESI). d Except for PTZ-Ru (CV curve in Fig. S3, ESI), redox potentials were taken from ref. 69. e DGCR ¼ e EA=A  EDþ=D
 þ e2=4pRe0es is the
driving force for charge recombination in DMF.37 e0 is the vacuum permittivity (8.85  1012 F m1) and es is the dielectric constant for DMF
(es = 38.25).
42 For the first charge separation the radical pairs are tpy/PTZ+ or tpy/exTTF+. For the second charge separation the radical pairs
are POM/PTZ+ or POM/exTTF+. DGCS1 ¼ DGCR1  E00 is the driving force for the first charge separation. E00 is the energy diﬀerence
between the thermalized, lowest 3MLCT excited state and the ground state of the Ru complex. As the diﬀerent 3MLCT states are relatively close in
energy E00 is taken to be 2.07 eV as estimated from the emission spectrum of [Ru(tpy)2]
2+ at 77 K (in butyronitrile glass).74 The driving force for the
second charge separation is calculated by DGCS2 ¼ DGCR1  DGCR2 (this is schematically illustrated in Scheme S1, ESI). Note that the entropy term
in Rehm–Weller equation is often neglected for calculating the free-energy changes associated with charge separation. To get the free-energy
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520 nm:39 the 3MLCTPTZ-tpy state, which is characterized by an
initial excess charge-density shift towards the PTZ unit popu-
lates PTZ+-Ru(tpy)2
. In contrast, the 3MLCTtpy state, which is
characterized by excess charge-density localized on the terminal
tpy ligand, decays radiatively to the ground state.39 Following
this photophysical model,39 the first component (t1 = 23 ps,
Fig. 1b) is assigned to charge separation, i.e. population of
PTZ+-Ru(tpy)2
. This process is characterized by an increase
of the positive signal amplitude at 360 and 590 nm, corres-
ponding to the absorption of PTZ+.39 The third component
(t3 = 4300 ps) represents the charge recombination of PTZ
+-
Ru(tpy)2
 showing a decay of the absorption bands associated
with PTZ+. The charge-recombination process has also been
studied in DMSO by ns TA spectroscopy (Fig. S5a, ESI†) revealing
a mono-exponential decay of PTZ+-Ru(tpy)2
 (Fig. S5c, ESI†).
The spectral shape of the second component (t2 = 1310 ps)
resembles the typical features of 3MLCT states in Ru(tpy)2-based
complexes70,78,80 and, thus, is attributed to the decay of the
3MLCTtpy state to the ground state. The relaxation processes after
photoexcitation are summarized in Scheme S2 (ESI†). Additionally,
it is found that extension of the terminal tpy ligand of PTZ-Ru, i.e.
yielding PTZ-Ruph, only slightly affects the features of the ns TA
spectra (a slight red shift compared to PTZ-Ru) and basically does
not affect the kinetics of the charge-recombination process
(Fig. S5c, ESI†). Thus, it is reasonable to use PTZ-Ru as the
reference to study the triad PTZ-Ru-POM (vide infra).
For PTZ-Ru-POM, between 0.3 and 105 ps, slight signal
increases at around 366 and 590 nm are observed, which are
attributed to the formation of PTZ+. Both PTZ+-associated bands
do not appear as distinctly as in the fs TA spectra of PTZ-Ru, likely
due to the significant spectral overlap with the 3MLCT-absorption
of PTZ-Ru-POM. However, the spectral changes associated with
the formation of PTZ+ can be observed in the integrated kinetics
recorded at 360 to 370 nm and at 580 to 590 nm where the PTZ+
dominates (displayed in the inset in Fig. 1c): this clearly shows
the build-up of PTZ+ within the first 100 ps highlighting the
population of a charge-separated state. Then, after 100 ps,
a decay of the TA signal is observed. Moreover, the DAS of the
first kinetic component (t1 = 21 ps) resembles the features of
the first component (t1 = 23 ps) observed for PTZ-Ru (Fig. 1b).
Hence, it reflects the formation of PTZ+-Ru(tpy)2
-POM. The
t3 = 4300 ps reveals an absorption shoulder at 590 nm which is
indicative of the decay of the charge-separated state PTZ+-
Ru(tpy)2
-POM (Fig. 1d). Thus, both PTZ-Ru-POM and PTZ-Ru
show very similar rate constants for charge-separation and
charge-recombination (see Fig. 1b and d). The second compo-
nent (t2 = 980 ps) reveals a spectral shape similar to that of the
3MLCT state observed for Ru-POM, i.e. 3MLCTtpy-POM, with an
absorption maximum at about 675 nm (see Fig. S6c, ESI†).67
Thus, t2 is assigned to the decay of the
3MLCTtpy-POM state.
Notably, the decay kinetics of the 3MLCTtpy-POM state in PTZ-Ru-
POM (t2 = 980 ps) is faster than that in Ru-POM (t2 = 5400 ps,
Fig. S6, ESI†). It should be noted that the decay of the TA signal
as observed in the fs TA data is not complete. Thus, ns TA
spectroscopy was performed to study the small long-lived signal
in the fs TA signal (see Fig. 2).
A global fit of the corresponding ns TA data (Fig. 2a) yields
two species (Fig. 2b and Fig. S7, ESI†): the short-lived species
(tns1) apparent in the global fit results of the ns TA data has a
much stronger contribution to the overall fit (90%) and shows
the absorption of PTZ+ at 590 nm. Hence, it is assigned to the
charge recombination of PTZ+-Ru(tpy)2
-POM with a lifetime
of 4300 ps as determined by fs TA spectroscopy (Fig. 1d). The
long-lived species (tns2 = 574) has a relatively small contribution
to the overall fit (10%, see Fig. S7b and S8a, ESI†). It shows a
broad positive absorption band centered at ca. 670 nm along
with a negative band at 370 nm which might indicate the
formation of reduced POM (see Fig. S10a, ESI†) and oxidized
RuII (Fig. S10b, ESI†), respectively. Furthermore, it is found that
the presence of oxygen in solution only slightly aﬀects its lifetime
(tns2 = 574 ns, aerated solution vs. 630 ns, deaerated solution,
Fig. S7 and S8, ESI†) which indicates the generation of a charge-
separated state.67,81 Notably, in the spectrum associated with
tns2 there are no peaks discernible at 365, 470 or 590 nm which
would be indicative of PTZ+ (Fig. S9, ESI†).39,40 Finally, the
spectral features associated with tns2 in PTZ-Ru-POM are quite
similar to the long-lived component in Ru-POM (Fig. 2b; also see
Fig. S10c, ESI†). This implies that instead of the fully charge-
separated state, i.e. PTZ+-Ru(tpy)2-POM
, tns2 refers to the
decay of a partially charge-separated state, i.e. PTZ-RuIII(tpy)2-
POM. Combined with the fs TA data, which reveal the
formation of PTZ+-Ru(tpy)2
-POM (t1 = 23 ps) and the sepa-
rate decay of a 3MLCTtpy-POM state, we conclude that there are
two distinct decay pathways available for PTZ-Ru*-POM: the
Fig. 1 fs transient absorption spectra (a and c) at selected delay times and
decay-associated spectra (b and d) resulting from the global fit upon
excitation at 520 nm in aerated DMSO for PTZ-Ru (a and b) and PTZ-Ru-POM
(c and d). The last two spectra in (a) and (c) were taken from the fs TA data
collected bymeans of a longer optical delay line (Fig. S4a and c, ESI†) andwere
scaled according to the absorption spectrum at 1750 ps at 590 nm and
680 nm for PTZ-Ru and PTZ-Ru-POM, respectively. The grey dashed line
represents the shape of the corresponding inverted ground state absorp-
tion spectrum which is arbitrarily scaled to fit the scale of the respective
figure. Inset in (c): Normalized integrated kinetics at the spectral region of
360–370 nm (red) and 580–590 nm (black). The kinetics were normalized
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first decay pathway proceeds via PTZ+-Ru(tpy)2
-POM while
the second pathway yields PTZ-RuIII(tpy)2-POM
.
The presence of two distinct (partially) charge-separated
states in PTZ-Ru-POM is reminiscent of a branching of 3MLCT
states previously observed in PTZ-Ru-C60 triads:
40 the initially
populated 3MLCT states, i.e. (i) partially distributed on the
PTZ-tpy ligand (3MLCTPTZ-tpy) and (ii) partially delocalized on
the tpy-POM ligand (3MLCTtpy-POM), decay separately. The
3MLCTPTZ-tpy state generates PTZ
+-Ru(tpy)2
-POM while the
3MLCTtpy-POM state decays via PTZ-Ru
III(tpy)2-POM
. In other
words, the 3MLCTPTZ-tpy and
3MLCTtpy-POM state decay sepa-
rately via reductive and oxidative quenching, respectively. The
electron-transfer rate constant kCS, i.e. from the
3MLCTtpy-POM
state to PTZ-RuIII(tpy)2-POM
, can thus be estimated by kCS =
1/t  k0, with k0 = 1/t0 (t0 = 6.5 ns in the reference Ru, taken
from ref. 67; t = 980 ps, see Fig. 1d). This yields a POM
reduction rate of kCS = 8.7  107 s1 (tCS = kCS1 = 1.2 ns).
The relaxation diagram of PTZ-Ru-POM (Scheme 2) upon
excitation is proposed by referring to the photophysical model
developed for PTZ-Ru.39 The similarity of the initially populated
MLCT states in PTZ-Ru-POM and PTZ-Ru39 is demonstrated by the
excitation-wavelength dependent resonance Raman (rR) spectra
which can provide insights into the distribution of 1MLCT states
over individual ligands:82 increasing the excitation wavelength
from 458 to 515 nm leads to increased rR signals of PTZ-
associated bands both in PTZ-Ru-POM (see Fig. S11, ESI† for
details) and PTZ-Ru.39 This indicates an increased excess-
electron density shift towards the PTZ-tpy ligand during 1MLCT
transition. Thus, for PTZ-Ru-POM, the 1MLCTPTZ-tpy state is
energetically lower than the 1MLCTtpy-POM state (Scheme 2).
However, the energetic ordering of the MLCT states is considered to
be inverted in the triplet manifold as already deduced for PTZ-Ru.39
Otherwise the slow process, i.e. oxidative quenching of 3MLCTtpy-POM
state (1.2 ns), could kinetically not compete with the interligand
electron transfer (which is typically observed on a characteristic time
scale of several ps for Ru–polypyridyl complexes;78,83 the actual value
depends on the relative energies of ligands and solvents39) which
would result in the lowest thermalized 3MLCT state. As a result,
no PTZ-RuIII(tpy)2-POM
 would be detected.
The results present here show that the fully charge-separated
state PTZ+-Ru(tpy)2-POM
 is not formed in PTZ-Ru-POM although
this process, i.e. electron transfer from PTZ+-Ru(tpy)2
-POM to
PTZ+-Ru(tpy)2-POM
, is energetically downhill with a free Gibbs
energy change of –DGCS2 = 0.21 eV (Table 1). Instead two partially
charge-separated states PTZ+-Ru(tpy)2
-POM and PTZ-RuIII(tpy)2-
POM are populated, which are populated independently by the
decay of two distinct 3MLCT states. One speculation is that for the
second electron-transfer step, i.e. from PTZ+-Ru(tpy)2
-POM to
PTZ+-Ru(tpy)2-POM
, the activation barrier is still too high for
the electron to overcome.
Excited state processes in the dyad exTTF-Ruph and triad
exTTF-Ru-POM
To further increase the driving force for electron transfer in
the molecular triad with the Ru(tpy)2 photosensitizer and the
Fig. 2 (a) ns transient absorption spectra at selected times of PTZ-Ru-POM
upon excitation at 520 nm in aerated DMSO. For comparison the fs TA
spectrum at 1.8 ns was added (grey solid line). The fs TA spectrum (1.8 ns)
and ns TA spectrum (at 10 ns) were normalized at 680 nm. The black dotted
line represents the inverted ground state absorption spectrum of PTZ-Ru-
POM. (b) Global fit results of the ns TA data. The spectrum of the long-lived
species (tns2) in Ru-POM was added for comparison. All spectra were
normalized at 680 nm.
Scheme 2 Energy-level diagrams of PTZ-Ru-POM and exTTF-Ru-POM (in
grey colour) were developed by using electrochemical, resonance Raman
(see Fig. S11, ESI†) and fs/ns TA data. For a recompilation of the photophysics
of the dyad PTZ-Ru, which was published in ref. 39, the reader is referred to
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POM-based acceptor, the donor unit was changed from PTZ to
exTTF. The oxidation potential of exTTF is about 560 mV more
negative than that of PTZ and, hence, more rapid formation of
charge-separated states in the resulting molecular dyad exTTF-
Ruph and triad exTTF-Ru-POM may be expected. The resultant
fs TA results for the dyad and triad containing exTTF as donor
are summarized in Fig. 3. The fs TA spectrum of exTTF-Ruph
recorded at 0.3 ps after photoexcitation shows GSB in the wave-
length region of the 1MLCT absorption band. In addition GSB is
visible at 427 nm which is associated with the absorption of the
exTTF unit. The absorption features of GSB match the inverted
ground-state absorption of the triad quite well (Fig. 3a). The GSB
is accompanied by a broad absorption band above 550 nm (at
ca. 640 nm) and a small band at 370 nmwhich are quite similar to
the ESA of the 3MLCT state in Ruph (details see Fig. S12, for the
molecular structure see Fig. S12d, ESI†). Hence, upon photoexci-
tation of exTTF-Ruph a mixed MLCT and exTTF-involved excited
state is populated. 10 ps after photoexcitation the ESA increases
between 550 and 620 nm peaking at ca. 600 nm, while the ESA
band decreases between 620 and 750 nm. Additionally, the band
at 427 nm becomes more negative. Subsequently, the overall
spectral shape remains constant and the TA signal decays back
to zero within the experimentally accessible range of delay times.
In order to quantitatively analyse the experimental data, two
kinetic components, t1 = 6.2 ps and t2 = 230 ps are necessary.
The DAS(t1) (Fig. 3b) reflects three decaying ESA bands at 365, 427
and 690 nm as well as an increase of the signal at 590 nm. To
understand the observed spectra, the absorption features of one-
electron oxidized exTTF (i.e. exTTF+) are considered as reported
by Guldi and coworkers, who performed the pulse radiolysis of
unsubstituted exTTF.84 The authors report the appearance of two
absorption bleaches, i.e. reduced absorption of the oxidized exTTF
compared to the neutral molecule, at ca. 360 and 430 nm accom-
panied by a broad absorption band peaking at ca. 610 and
660 nm.84 From the similarity of DAS(t1) with the results pre-
sented by Guldi and coworkers84 it is concluded that the process
associated with t1 represents the formation of the charge-separated
state exTTF+-Ru(tpy)2
. The second component (t2 = 230 ps) is
consequently attributed to the recombination of exTTF+-Ru(tpy)2
.
This recombination is complete within the experimental delay time
window of 1.8 ns.
Upon expanding the dyad into the respective triad exTTF-Ru-
POM, the DAS associated with t1 = 7.7 ps and t2 = 273 ps
resemble the central features of the respective DAS observed for
the dyad exTTF-Ruph. The less prominent exTTF-related bleach
between 400 and 450 nm in the t2-associated spectrum of exTTF-
Ru-POM (which is also reflected in the TA spectra in Fig. 3c) might
be rationalized by the relative strong ESA of the reduced extended-
tpy ligand in exTTF-Ru-POM in the same spectral region. Further-
more, also the ground state absorption of exTTF-Ru-POM reveals
minor exTTF features as compared to the reference dyad exTTF-
Ruph (see Fig. 3c). The spectral similarity (as well as the similarity
of the characteristic decay times) indicates that the same mole-
cular processes are observed in exTTF-Ru-POM and in exTTF-
Ruph (see Scheme 2): with a characteristic time of 7.7 ps the
partially charge-separated state exTTF+-Ru(tpy)2
-POM is formed,
which decays on a sub-ns time scale, i.e. with t2 = 273 ps. However,
diﬀerent to exTTF-Ruph an additional slow process (t3 = 1700 ps)
and an infinite component (on a 10 ns timescale) become apparent.
t3 is associated with a positive diﬀerential absorption at 390 nm
reflecting the reduced tpy ligand, and a broad absorption at a
wavelength longer than 550 nm, indicative of a 3MLCT absorption
of Ru(II)–polypyridyl complexes. Hence, the process is attributed to
the decay of the 3MLCTtpy-POM state.
The nature of the long-lived species observed in the fs TA
data has been studied by ns TA spectroscopy which yields two
processes contributing to the ns decay of the signal (Fig. 4b and
Fig. S14, S15, ESI†). The relative short-lived species is assigned
to the decay of a 3MLCT state delocalized on the extended tpy
ligand (3MLCTtpy-POM). The long-lived species (tns2 = 320 ns) is
attributed to the decay of the partially charge-separated state
exTTF-RuIII(tpy)2-POM
, which is corroborated by experiments
performed in the absence of oxygen showing a weak depen-
dence on oxygen (tns2 = 320 ns (aerated solution) vs. 450 ns
(deaerated solution), Fig. S14 and S15, ESI†).67,81 The spectrum
associated with tns2 in exTTF-Ru-POM lines up well with
the spectral features of RuIII(tpy)2-POM
 in Ru-POM in the
wavelength region above 450 nm (Fig. 4b). The spectral devia-
tions below 450 nm are attributed to stronger contributions of
RuIII(tpy)2, yielding DOD 4 0 values, than from the POM
,
yielding DOD o 0 values (Fig. S10a, ESI†). Thus, the spectral
features indicate that tns2 reflects the decay of the partially
charge-separated state exTTF-RuIII(tpy)2-POM
. Due to the
emission of exTTF-Ru-POM being totally quenched (Fig. S1,
ESI†), the electron transfer in exTTF-Ru-POM from the 3MLCTtpy-POM
to exTTF-RuIII(tpy)2-POM
 is characterized by the time con-
stant t3 = 1700 ps (Fig. 3d). Thus, this process occurs on a
similar time scale as in PTZ-Ru-POM (t = 1200 ps). It should be
Fig. 3 fs transient absorption spectra (a and c) at selected delay times and
decay-associated spectra (b and d) resulting from the global fit upon
excitation at 520 nm in aerated DMSO for exTTF-Ruph (a and b) and
exTTF-Ru-POM (c and d). The grey dashed line represents the inverted
ground state absorption spectrum of exTTF-Ruph (a) and exTTF-Ru-POM
(c). For exTTF-Ru-POM the fs TA data obtained by a longer delay line were
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noted that the oxidative quenching of 3MLCTtpy-POM state is a
little slower in exTTF-Ru-POM (t = 1700 ps) than that in PTZ-Ru-
POM (t = 1200 ps). This can be rationalized by the diﬀerent
driving forces obtained for the electron transfer from oxidized
Ru(tpy)2 to POM and that a more favorable driving force in
PTZ-Ru-POM (DGCS ¼ 0:1 eV in DMF) than exTTF-Ru-POM
(DGCS ¼ 0:2 eV in DMF) is observed (the driving forces for the
oxidative quenching are calculated by the Rehm–Weller equa-
tion as shown in the caption of Table 1. For both triads, D+/D
and A/A refer to Ru3+/Ru2+ and POM/POM, respectively. The
entropy term is also neglected). Thus, similar to PTZ-Ru-POM,
the 3MLCT states localized on the exTTF-tpy ligand and deloca-
lized on the tpy-POM ligand undergo reductive and oxidative
quenching, respectively (Scheme 2).
Conclusions
The photoinduced electron transfer in two molecular triads
containing either a phenothiazine (PTZ) or a p-extended tetra-
thiafulvalene (exTTF) electron donor, a Ru(II)-bis(terpyridine)
photosensitizer and a Keggin-type polyoxometalate (POM) elec-
tron acceptor (i.e. PTZ-Ru-POM and exTTF-Ru-POM, POM is
[PW11O39Ge]
4) is investigated spectroscopically. Molecular
dyads comprising the electron donor and the photosensitizer
(i.e. PTZ-Ru and exTTF-Ruph) or the photosensitizer and the
POM (i.e. Ru-POM67) were studied for comparison. The driving
forces for charge separation indicate that the two sequential
electron-transfer processes are energetically accessible in both
triads.
For PTZ-Ru-POM (or exTTF-Ru-POM), electron transfer from
PTZ (or exTTF) to the photoexcited Ru-center was observed by fs




formation of the fully charge-separated states PTZ+-Ru(tpy)2-
POM (or exTTF+-Ru(tpy)2-POM
), is not observed though
the process is energetically feasible. Instead, in PTZ-Ru-POM
(or exTTF-Ru-POM) the initially populated MLCT states, i.e.
MLCTPTZ-tpy (or MLCTexTTF-tpy) and MLCTtpy-POM, decay sepa-
rately via distinct and independent decay channels. Hence, for
the -tpy-Ru-tpy- photosensitizer, photoexcitation would lead to
diﬀerently distributed charges within the coordination sphere
of the Ru(II) and the resultant MLCT states decay via diﬀerent
channels. In PTZ-Ru-POM (or exTTF-Ru-POM) the distribution
of the initial MLCT states determines the direction of the
electron transfer within the molecular frame. A similar observa-
tion was made in a supramolecular photocatalyst for hydrogen
evolution, in which the initially excited state of the [Ru(bpy)3]
2+
derived photocenter determines the ultrafast excited state
dynamics85 and the photocatalytic eﬃciency.86
Furthermore, based on the fact that no fully charge-separated
state is detected no matter which electron donor is used, it might
be more useful to increase the driving forces between the photo-
sensitizer and the POM than tuning the electron donors. For this
purpose, either diﬀerent photosensitizers which have better photo-
physical properties, e.g. an iridium(III)–polypyridyl complex,61,68,87
or different POMs which are easier to be reduced than the POM
studied in this work,68 would be a promising choice.
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General methods
The synthesis, electrochemistry and steady-state absorption and emission spectra of the mono-
ruthenium complex, dyads and triads have been reported.1-3  Steady-state UV/Vis absorption 
spectra (Figure S1a) and emission spectra (Figure S1b) collected in dimethyl sulfoxide (DMSO) 
are summarized for convenience. Steady-state UV/Vis absorption spectra were recorded with a 
JASCO V-670 spectrophotometer in a quartz cell with 1 mm path length. Steady-state emission 
spectra (λex = 520 nm, optical density of each sample was adjusted to 0.1 at 520 nm) were 
recorded with a fluorescence spectrometer (Fluorolog, Horiba group) in a 1 cm quartz cell. For 
the time-resolved experiments and resonance Raman measurements the stability of samples was 
ensured by recording the steady-state UV/Vis absorption spectra before and after every 
measurement.
Electrochemistry. CV measurement for PTZ-Ru was carried out with PC-controlled 
potentiostat (VersaSTAT 3) with a standard three-electrode system by using a glassy-carbon-
disk working electrode, a platinum wire counter electrode and an Ag/AgCl reference electrode. 
The scan rate is 200 mV/s. All potentials given in the manuscript refer to ferrocene as standard. 
Because of the limited electrochemical window of DMSO, the electrochemistry1 was collected 
in dimethylformamide (DMF).
Time-Resolved Transient Absorption Spectroscopy. Femtosecond (fs) transient absorption 
(TA) spectra were collected by two different home-built pump-probe setups. Each setup is 
based on an amplified Ti: Sapphire oscillator (1 kHz, 800 nm).4 The compounds were excited 
by pump pulses centered at 520 nm (TOPAS-C, Lightconversion Ltd.) with a duration of 80 fs. 
The power of the pump beam at the sample was kept at 0.45 mW, corresponding to an energy 
of 0.9 µJ per pump pulse. For measurements with a longer delay time range (up to 9.5 ns) the 
compounds were excited at 520 nm (TOPASwhite, Lightconversion Ltd.) with a duration of 
110 fs. The power of the pump beam at the sample was kept at 0.3 mW, corresponding to an 
energy of 0.6 µJ per pump pulse. For both setups, a white light supercontinuum generated by 
focusing a fraction of the fundamental in a CaF2 plate is used to probe the absorbance of the 
sample between 340 to 800 nm. The pump beam is delayed in time with respect to the probe 
beam by means of an optical delay line and the polarization between probe and pump is set at 
the magic angle (54.7°). Each sample solution (adjusted to yield an optical density of 0.2 at 520 
nm) was kept in a 1 mm quartz cuvette. Transient absorption data were corrected for the chirp 
of the probe light and analyzed by a global multi-exponential fit after exclusion of a temporal 
window of 200 fs around time-zero in order to avoid contributions of the coherent-artifact 
region5 to the data analysis. 
Nanosecond (ns) TA spectra2 were collected to study the lifetime of the long-lived species, 
which are visible in the fs TA data. The pump pulses centered at 520 nm were produced by a 
Continuum OPO Plus which is pumped by a continuum surelite Nd:YAG laser system (pulse 
duration 5 ns, repetition rate 10 Hz). The probe light is provided by a 75 W xenon arc lamp. 
Spherical concave mirrors are used to focus the probe beam into the samples and then to send 
the beam to the monochromator (Acton, Princeton Instruments). The spectrally selected probe 
light is detected by a Hamamatsu R928 photomultiplier. The signal is amplified and processed 
by a commercially available detection system (Pascher Instruments AB).  Each sample was 
S2
freshly prepared for the ns transient absorption measurements yielding an optical density of 
about 0.37 at the excitation wavelength, i.e. at 520 nm. All measurements were performed in 1 
cm path length fluorescence cuvettes. For all measurements, the energy of the pump pulses was 
kept at 0.25 mJ. Oxygen-free solutions were realized by at least five freeze-pump-thaw cycles.
Resonance Raman Spectra. Excitation-wavelength dependent resonance Raman (rR) spectra 
were recorded in a conventional 90° scattering arrangement.6 RR spectra were recorded upon 
excitation at 458, 476, 496 and 515 nm (delivered by a Coherent Innova300C MotoFreD Ion 
Laser). A rotating cell was utilized to prevent sample decomposition. In order to check for 
sample integrity, absorption spectra of the samples were recorded before and after each rR 
measurement. No changes in the absorption spectra were observed.
Considering the limited solubility of compounds studied in this manuscript, all spectroscopic 
experiments were performed upon dissolving the POM containing samples in DMSO.
Steady-state emission spectra 
S3
Figure S1. Normalized steady-state emission spectra (λex = 520 nm, OD520 nm = 0.1) of the compounds collected 
in aerated dimethyl sulfoxide (DMSO).1,3 The emission spectra were normalized to the Raman band (asterisk) of 
the solvent DMSO. 
Optimized molecular structure of PTZ-Ru-POM and exTTF-Ru-POM
S4
The structures were optimized by molecular modelling (MM) with BIOVIA Material Studio v8.0 using 
the Forcite module with default settings (algorithm = smart; convergence tolerance: energy = 0.001 
kcal/mol, force = 0.5 kcal/mol/Å; maximum number of iterations = 2000; motion groups rigid = NO). 
The start structure of the POM unit was the geometry optimized structure of a similar POM reported by 
Matt et al..7
Figure S2. Optimized molecular structure of (a) PTZ-Ru-POM and (b) exTTF-Ru-POM. For measuring the 
center-to-center distance, the sulfur atom in PTZ and exTTF units, the ruthenium atom in RuII complex and 
the central phosphorus atom in POM were used. Since the exTTF unit has a butterfly-like shape and consists of 
four sulfur atoms, there are different distances from each sulfur atom. Only the shortest and longest distance were 
displayed and used.
Cyclic voltammetry curve of PTZ-Ru
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Figure S3. Cyclic voltammetry curve (scan rate 200 mV/s) for dyad PTZ-Ru in DMF/0.1 M Bu4NPF6.
Schematic illustration for the calculation of driving forces 
S6
Scheme S1. The possible relaxation processes of the triads upon photoexcitation.
Here is an anticipated scheme for the two sequential electron-transfer processes of the triads after 
photoexcitation of the Ru-center. For the first charge separation (CSS1) the radical pairs are tpy·- / PTZ·+ 
or tpy·- / exTTF·+; for the second charge separation (CSS2) the radical pairs are POM·- / PTZ·+ or POM·- 
/ exTTF·+, and ΔG°CR = e (EA/A- -ED+/D) + e2 / 4πRε0εs. ΔG°CS1 = –ΔG°CR1 – E00 is the driving force for the 
first charge separation. E00 is the energy difference between the thermalized, lowest 3MLCT excited 
state and ground state of Ru complex. Thus, the driving force for the second charge separation (i.e. from 
CSS1 to CSS2 state) can be calculated by ΔG°CS2 = ΔG°CR1 – ΔG°CR2.
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Driving forces in DMSO
According to the literature report,8,9 the driving forces in DMSO can be calculated by the following 
equation:
ΔG°CS = e (ED+/D –EA/A-) – E00 –   – 
𝑒24𝜋𝜀0𝜀𝑅𝐷𝐴 𝑒28𝜋𝜀0 ( 1𝑟𝐷 + + 1𝑟𝐴 ‒ )( 1𝜀𝑟𝑒𝑓 ‒ 1𝜀)
the last term concerning the difference of solvation free enthalpies in different solvents used in 
electrochemistry (εref) and photo-physical measurement (ε). RDA is the distance between donor and 
acceptor. rD+ and rA- represent the radius of the oxidized donor and reduced acceptor, respectively. 
Table S1. Estimated radii of neutral electron donors and acceptors.
a Radii of electron donors and acceptors were obtained from the optimized molecular structures shown in Figure 
S2 which were measured without considering the outside hydrogens. b Shows the comparison to the radii obtained 
from the crystal structures (without hydrogens). c-f Were taken from ref. 10-13.
Table S2. Center-to-center distances R, electrochemical data and reaction free-energy changes (–ΔG°) for charge 
separation (CS) and charge recombination (CR) in DMSO.
a,b Center-to-center distances (Figure S2) between the electron donor (PTZ or exTTF) and RuII complex (RD-Ru) or 
POM (RD-POM). c Shortest and d longest distance between exTTF and RuII complex since the exTTF unit has a 
butterfly-like shape and consists of four sulphur atoms (Figure S2b). e Except PTZ-Ru (Figure S3), redox 
potentials were taken from ref. 1. f driving forces for charge-separation and charge-recombination in DMSO were 
calculated by the equation shown above which concerning the different solvents used in electrochemistry and 
photo-physical measurement. For calculation, the radii of neutral electron donors and acceptors obtained from the 
optimized molecular structures were used (Table S1). 
S8
fs TA spectra of PTZ-Ru and PTZ-Ru-POM at longer time scale
Figure S4. Femtosecond (fs) transient absorption (TA) spectra at selected times of (a) PTZ-Ru and (c) PTZ-Ru-
POM upon excitation at 520 nm in aerated DMSO in the time range of 1750 to 9500 ps. To combine the fs TA 
data collected by a short and a long optical delay line, the spectra were scaled according to the spectrum obtained 
by the short delay line at 1750 ps at 590 and 680 nm (grey solid line) for PTZ-Ru and PTZ-Ru-POM, respectively. 
(b) and (d) Corresponding decay-associated spectra which were obtained by fixing the first two time constants 
obtained from the fs TA data measured with a short optical delay line.
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ns TA spectra of PTZ-Ru and PTZ-Ruph
Figure S5. Nanosecond (ns) transient absorption (TA) spectra at selected times of (a) PTZ-Ru and (b) PTZ-Ruph 
upon excitation at 520 nm in aerated DMSO. (c) Normalized (at 600 nm) global fit result of the ns TA. (d) 
Normalized (at absorption maximum for each compound) UV/Vis absorption spectra in DMSO.
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fs TA spectra of Ru-POM
Figure S6. (a) Femtosecond transient absorption spectra at selected times of (a) Ru-POM upon excitation at 520 
nm in aerated DMSO and (b) decay-associated spectra.3 (c) Comparison of the second species (normalized at 670 
nm) in decay-associated spectra of PTZ-Ru-POM (see the main text) and Ru-POM. 
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ns TA spectra of PTZ-Ru-POM
Figure S7. Nanosecond (ns) transient absorption (TA) spectra at selected times of PTZ-Ru-POM upon excitation 
at 520 nm in (a) aerated and (c) deaerated DMSO. (b) and (d) Corresponding global fit results of the ns TA data. 
Note: the time constant for the first species (~10 ns) obtained from the global fit is close to the time resolution of 
our setup. In order to get a more reliable value for this process fs TA spectra with a longer delay line (~9.5 ns) was 
used (see Figure S4).
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Integrated kinetic trace of the ns TA data of PTZ-Ru-POM 
Figure S8. Normalized integrated kinetic trace at the spectral region between 540 and 750 nm where shows 
significant absorption signals of both species in ns TA data of PTZ-Ru-POM collected upon excitation at 520 nm 
in (a) aerated and (b) deaerated DMSO. Inset: the enlargement of the time region up to 425 ns. The decay was 
fitted by a bi-exponential function: I (x) = A1·exp(-x/τ1)+A2·exp(-x/τ2)+I0.
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Simulation of the absorption spectra of the oxidized donor in PTZ-Ru-POM 
Figure S9. In order to exclude the formation of PTZ·+-Ru(tpy)2-POM·-, the absorption spectra of the oxidized 
donor (D+) were simulated: from the normalized (at 670 nm) spectrum of the long-lived species in global fit of the 
ns TA data (Figure S7b) different contributions of the reduced POM were subtracted. The POM·- has a contribution 
at 670 nm of (a) 0.8, (b) 0.6, (c) 0.4 and (d) 0.2. All the resulting spectra do not display the significant positive 
absorption bands of PTZ·+ at 365, 470 and 590 nm.14,15 Thus the long-lived species in  PTZ-Ru-POM is not the 
PTZ·+-Ru(tpy)2-POM·-. See Figure S10a for the spectrum of reduced POM.
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Comparison of the sub-μs species ns TA data with the SEC results
Figure S10. (a) Reductive and (b) oxidative spectroelectrochemistry-UV/Vis absorption difference spectra of 
POM and Ru, respectively.3 Inset: molecular structure of the POM and Ru complex studied. (c) Comparison of 
the long-lived species in global fit results of the ns TA data of PTZ-Ru-POM with the simulated spectrum of RuⅢ-
POM·- taken from ref. 3. 
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Resonance Raman spectra of PTZ-Ru-POM 
Figure S11. Resonance Raman spectra of PTZ-Ru-POM recorded in DMSO with excitation wavelengths at 515, 
496, 476 and 458 nm. For comparison the spectra were normalized to the solvent band (asterisks) at 1420 cm-1 and 
only the modes (associated with PTZ) showing distinct differences in signal intensities upon variation of the 
excitation wavelengths were marked.
The excitation-wavelength dependent resonance Raman of triad PTZ-Ru-POM shows similar 
results to that of PTZ-Ru.14 Thus the Jablonski scheme for PTZ-Ru-POM was made by 
referring to PTZ-Ru.14 
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Comparison of the fs TA spectra of exTTF-Ruph and Ruph 
Figure S12. Femtosecond (fs) transient absorption (TA) spectra at selected times of (a) exTTF-Ruph (short 
optical delay line) and (b) Ruph (long optical delay line) upon excitation at 520 nm in aerated DMSO. The grey 
dashed line in a and b represents the inverted ground state absorption spectrum respectively. (c) Comparison of 
the spectrum of exTTF-Ruph collected at 0.3 ps and Ruph collected at 200 ps. (d) Molecular structure of Ruph 
studied. 
For the mono-ruthenium complex Ruph, the transient absorption spectra collected at long delay 
times, e.g. 200 ps, shows the decay of the 3MLCT state. The spectral features of exTTF-Ruph 
collected at early times, i.e. 0.3 ps, resemble the spectrum of the 3MLCT state in Ruph but with 
a slight red-shift which is already indicated in the inverted UV/Vis absorption spectra (Figure 
S12c). 
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fs TA spectra of exTTF-Ru-POM at longer time scale
Figure S13. (a) Femtosecond (fs) transient absorption (TA) spectra at selected times of exTTF-Ru-POM upon 
excitation at 520 nm in aerated DMSO in the time range of 1750 to 9500 ps. To combine the fs TA data collected 
by a short and a long optical delay line, the spectra were scaled according to the spectrum obtained by the short 
delay line at 1750 ps at 630 nm (grey solid line). (b) Corresponding decay-associated spectra which were obtained 
by fixing the first two time constants obtained from the fs TA data measured with a short optical delay line.
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ns TA spectra of exTTF-Ru-POM
Figure S14. Nanosecond (ns) transient absorption (TA) spectra at selected times of exTTF-Ru-POM upon 
excitation at 520 nm in (a) aerated and (c) deaerated DMSO. (b) and (d) Corresponding global fit results of the ns 
TA data. Note: the time constant for the first species obtained from the global fit is close to the time resolution of 
our setup. In order to get the accurate value for this process fs TA spectra with a longer delay line (~9.5 ns) was 
used (see Figure S13).
S19
Integrated kinetic trace of the ns TA data of exTTF-Ru-POM 
Figure S15. Normalized integrated kinetic trace at the spectral region between 540 and 750 nm of exTTF-Ru-
POM collected upon excitation at 520 nm in (a) aerated and (b) deaerated DMSO. 
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Jablonski scheme for PTZ-Ru
Scheme S2. Photoinduced relaxation processes for PTZ-Ru.
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ABSTRACT: Distance-dependent electron transfer in
donor−spacer−acceptor systems is accepted to occur via two
distinct mechanisms, that is, by coherent superexchange or
incoherent hopping. In general, the rate of electron transfer
(kET) decreases with increasing donor−acceptor distances,
irrespective of the actual mechanism being responsible for the
process. However, recently Wenger and his group showed that
in the frame of the superexchange mechanism electron-transfer
rates can pass a maximum when increasing the transfer
distance. This manuscript presents an investigation of the
forward electron transfer in a series of donor (N-methylphenothiazine)−photocenter (Ru(II) bis(terpyridine) complex)−
acceptor (N-methylfulleropyrrolidine) triads that reveals the control of the electron-transfer rates by solvent variation to an
extent that in acetonitrile an increasing electron-transfer rate is observed with increasing donor−acceptor distance, while in
dichloromethane an increase in the separation causes the electron transfer rate to drop. This behavior is qualitatively rationalized
based on a recently introduced model. Nonetheless, the quantitative mismatch between the results presented here and the theory
indicates that nonexponential distance-dependent couplings will have to be considered in extending the theory.
■ INTRODUCTION
Light-driven electron transfer represents a fundamental step in
natural and artiﬁcial photosynthesis.1,2 The resultant long-lived
charge-separated states (CSS) are important for the production
of solar electricity3,4 and solar fuels.5,6 Over the past decades
many studies have focused on the electron-transfer processes
taking place in molecular models, for example, for artiﬁcial
photosynthetic systems, involving electron donors and electron
acceptors which are connected by various spacers.7−10 Through
tuning the lengths of the spacers, distance-dependent electron-
transfer dynamics have been extensively evaluated.11−16 These
studies manifested that electron transfer can occur via either
coherent superexchange or incoherent hopping in the donor−
spacer−acceptor systems; the speciﬁc transfer mode in action
depends on the energy barriers between the donor and spacer
states.16−21 The superexchange mechanism requires the virtual
spacer states to be higher in energy than the donor state.
Hopping, on the contrary, takes place when the spacer states
are energetically similar or lower than the donor states.13,20 The
two mechanisms show distinct distance dependences: In
superexchange a drastic decrease in electron-transfer rates
upon increasing donor−acceptor distance is observed, while an
only weak distance dependence of the electron transfer rates is
observed if the hopping mechanism is active.17−26 The speciﬁc
mechanism for intramolecular electron transfer generally can be
inferred from the attenuation factor β in the McConnell’s
relation (eq 1),17−32 which is established to be a quantitative
tool to assess the capability of a spacer to transport electrons in
donor−spacer−acceptor systems.7−10,17−26 Here kET is the
electron-transfer rate, k0 represents the electron-transfer rate
when the donor and acceptor are connected directly, and RDA is
the donor−acceptor distance. It should be pointed out that eq 1
is derived from the superexchange mechanism, and for the
incoherent hopping the observed small β values are strictly
phenomenological.13 To get an eﬃcient electron transfer over
long distances, low β values are required.22−26 In this respect, π-
conjugated oligomers are frequently selected as spacers in
molecular electron-transfer units owing to their relative weak
distance-dependent electron-transfer properties (i.e., low β
value) compared with saturated σ spacers.9,17−21
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Apart from the nature of the spacers and the speciﬁc choice
of donors and acceptors, the surrounding environment, for
example, the solvent polarity, inﬂuences the electron-transfer
properties and hence the β values. However, investigations of
the solvent dependence of β values are still sparse;33−37 for
example, Otsubo and coworkers reported for porphyrin−
oligothiophere−C60 systems the β value for charge-separation
process to be pronouncedly solvent polarity-dependent (0.03
and 0.11 Å−1 in solvent with higher and lower polarity,
respectively).33 Langa and coworkers reported the same trend
for zinc porphyrin−oligo(thienylenevinylene)−C60 systems
with β values for charge separation in diﬀerent solvents
(0.016 and 0.03 Å−1 in solvent with higher and lower polarity,
respectively).34 Albinsson and coworkers observed nearly
identical β values for charge separation in a range of solvents
for a zinc porphyrin−oligo(p-phenyleneethynylene)−gold
porphyrin system,35 while Guldi obtained identical β values
in two diﬀerent solvents when studying the charge recombi-
nation process in tetrathiafulvalenes−oligo(p-phenyleneviny-
lenes)−C60 systems.
36 Thus the studies available in literature do
not show a universal trend. While some investigations indicated
a lower β value in more polar solvents,33,34 other authors
observe solvent polarity-independent β values.35−37
This attracted our interest in studying the possible eﬀects of
solvent polarity on the forward and backward electron-transfer
processes in a donor−spacer−acceptor system based on a
recently reported molecular triad38,39 (Scheme 1b, 1) with
donor−acceptor distances (center-to-center) ranging from 18.3
to 37.1 Å (see Scheme 1). The triads combine a N-
methylphenothiazine (PTZ) electron donor, a Ru(II) bis-
(terpyridine) photocenter (P), and a N-methylfulleropyrroli-
dine (C60) acceptor. Photoinduced electron transfer is
mediated by π-conjugated spacers of various lengths. The
photoinduced processes in the reference dyad and triad 1 have
been reported previously,38 so this contribution will focus on
triads 2 and 3 and the resultant discussion of distance- and
solvent polarity-dependent electron-transfer dynamics in the
triad series 1−3.
■ EXPERIMENTAL SECTION
The synthesis, electrochemical, and photophysical properties of
the reference dyad and triads 1−3 have been reported
previously.39 Steady-state UV−vis absorption spectra (Figure
S1) and emission spectra (Figure S2) collected in dichloro-
methane and acetonitrile are summarized for convenience.
Steady-state UV−vis absorption spectra were recorded with a
JASCO V-670 spectrophotometer in a quartz cell with 1 mm
path length. Steady-state emission spectra were recorded with a
JASCO FP-6200 spectroﬂuorometer in a 1 cm quartz cell. For
all of the time-resolved experiments the stability of samples was
ensured by recording the steady-state UV−vis absorption
spectra before and after every measurement.
Spectroelectrochemistry. Spectroelectrochemistry (SEC)
measurements were performed in a home-built three-electrode
thin-layer cell with a path length of 1 mm (Bioanalytical
System, USA).40 The three-electrode setup consists of a
transparent platinum mesh working electrode, a platinum
wire counter electrode, and a Ag/AgCl reference electrode.
Potentials were tuned using a PC-controlled potentiostat. All
potentials given in the manuscript refer to ferrocene as
standard. The corresponding UV−vis spectra were recorded
on a double-beam Cary 5000 UV−vis spectrometer (Varian,
USA) at room temperature. Both the oxidative and reductive
SEC were reversible by obtaining the recovered initial sample
absorption when a zero voltage cycle was applied to the
working electrode.
Time-Resolved Spectroscopy. Femtosecond (fs) tran-
sient absorption spectra were collected by using a previously
reported home-built pump−probe laser system that is based on
an ampliﬁed Ti:sapphire oscillator (Libra, Coherent)41 All
compounds were excited by pump pulse centered at 520 nm
(TOPASwhite, Lightconversion) with a duration of 110 fs. The
power of the pump beam was kept at 0.3 mW before samples,
and the beam diameter of the pump was 0.38 mm inside the
sample volume. A white-light supercontinuum generated by
focusing a fraction of the fundamental in a rotating CaF2 plate
is used to probe the samples in a wide spectral range (340 to
800 nm). The probe beam is delayed in time with respect to the
pump beam by means of an optical delay line and the
polarization between probe and pump is set at the magic angle
(54.7°). Each solution (optical density ca. 0.2 at the excitation
wavelength) was kept in a 1 mm quartz cuvette. Transient
absorption data were displayed after chirp correction. The
transient absorption data were analyzed by a global multi-
exponential ﬁt after exclusion of a temporal window of 200 fs
around time zero to avoid contributions of the coherent-artifact
region to the data analysis. Furthermore, a spectral band of 20
nm around the pump wavelength is omitted from the data
analysis due to pump-scatter in this spectral range.
Nanosecond (ns) transient absorption spectra42 were
collected to study the long-lived species appearing in fs
transient absorption data. The pump pulses centered at 520 nm
were produced by a Continuum Surelite OPO Plus apparatus
that is pumped by an Nd:YAG laser system (pulse duration 5
ns, repetition rate 10 Hz). The probe light is provided by a 75
W xenon arc lamp. Spherical concave mirrors are used to focus
the probe beam into the samples and then send the beam to the
monochromator (Acton, Princeton Instruments). The probe
light is detected by a Hamamatsu R928 photomultiplier. The
signal is ampliﬁed and processed by a commercially available
detection system (Pascher Instruments AB). Each sample was
freshly prepared, and the optical density (ca. 0.37) at the
Scheme 1. Schematic Representation of the Molecular Structures of (a) Reference Dyad and (b) Triads 1−3
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excitation wavelengths 520 nm was kept the same. For all
measurements, the power of the pump beam was kept at 0.35
mJ. All measurements were performed in 1 cm path length
ﬂuorescence cuvettes. A spectral band of 20 nm around the
pump wavelength is omitted from the data analysis due to
pump-scatter in this spectral range.
■ RESULTS AND DISCUSSION
Upon excitation of the 1MLCT transition (λex = 495 nm) the
reference dyad shows very weak MLCT state emission, while all
triads are found to be basically nonemissive (Figure S2); that is,
no emission from the Ru-tpy photocenter is observed. In the
following, ultrafast time-resolved spectroscopy will be em-
ployed to provide detailed information about the intra-
molecular electron-transfer mechanism.
Driving Forces for Charge Separation and Recombi-
nation. Before considering the actual time-resolved spectro-
scopic data, an estimation of the driving forces for the possible
charge separation and recombination processes according to
the model developed for 138 can be made based on the redox
potentials of PTZ•+/PTZ, tpy/tpy•−, and C60/C60
•− couples by
using the Rehm−Weller equation, which is used for calculating
the “Gibbs free energy change of photoinduced electron
transfer”.43−46 The respective values of the center-to-center
distances between donor and acceptor, the free energy changes
related to charge separation (−ΔG°CS), and charge recombi-
nation (−ΔG°CR) are summarized in Table 1.
As discussed for 1,38 the PTZ•+ and C60
•− radical ion pair
formation involves two sequential electron-transfer steps with
the intermediate state PTZ•+-P•−-C60 being spectroscopically
visible
Table 1. Center-to-Center Distances R, Electrochemical Data and Reaction Free-Energy Changes (−ΔG°) for Charge
Separation and Charge Recombination in Dichloromethane and Acetonitrile (in Brackets)
center-to-center/Åa E°/V (vs Fc+/Fc)b −ΔG°/eVc
R(PTZ‑C60) R(Ru−C60) PTZ
+/PTZ C60/C60− tpy/tpy
− CS1 CR1 CS2 CR2
dyad 9.6d 0.35 −1.60 0.29 1.78
(0.39) (−1.57) (0.15) (1.92)
1 18.3 9.3 0.34 −1.03 −1.67 0.23 1.84 0.56 1.28
(0.40) (−0.80) (−1.54) (0.17) (1.90) (0.72) (1.18)
2 22.9 13.4 0.34 −1.11 −1.64 0.26 1.81 0.43 1.38
(0.40) (−0.86) (−1.54) (0.17) (1.90) (0.66) (1.24)
3 30.1 20.8 0.35 −1.13 −1.65 0.24 1.83 0.40 1.43
(0.39) (−0.94) (−1.52) (0.20) (1.87) (0.55) (1.32)
aCenter-to-center distances, R, were obtained from the optimized molecular structures and taken from ref 39. bRedox potentials were taken from ref
39. cΔG°CR = e(EA/A− − ED+/D) + e2/4πRε0εs is the driving force for charge recombination.
45 For the ﬁrst and second charge recombination the
radical pairs are tpy•−/PTZ•+ and C60
•−/PTZ•+, respectively. ε0 is the vacuum permittivity (8.85 × 10
−12 F/m) and εs is the dielectric constant of the
solvent (8.93 for dichloromethane and 35.9 for acetonitrile).44 ΔG°CS1 = −ΔG°CR1 − E00 is the driving force for the ﬁrst charge separation. E00 is the
energy diﬀerence between the thermalized, lowest 3MLCT excited state and ground state. Electron transfer in the shortest triad 1 occurs from an
upper-lying 3MLCT state.38 As diﬀerent 3MLCT states are relatively close in energy, E00 is taken to be 2.07 eV, as estimated from the emission
spectrum of [Ru(tpy)2]
2+ at 77 K (in butyronitrile glass).47,48 The driving force for the second charge separation is calculated by ΔG°CS2 = ΔG°CR1 −
ΔG°CR2. dFor the reference dyad it is the distance between PTZ and Ru-center.
Figure 1. Nanosecond transient absorption spectra at selected times of 2 (a,b) and 3 (c,d) upon excitation at 520 nm in dichloromethane (CH2Cl2,
panels a and c) and acetonitrile (CH3CN, panels b and d). For comparison the ns TA spectra were normalized by the absorption maxima of
3C60*
(at 700 nm at 15 ns).
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For triads, the solvent polarity has little inﬂuence on the
driving forces for the ﬁrst charge separation reactions
(−ΔG°CS1), that is, reductive quenching of the photoexcited
photocenter by electron transfer from the PTZ donor (eq 2,
CS1). However, the driving forces for the formation of PTZ•+-
P-C60
•−, electron transfer from the reduced Ru-photocenter to
C60, are notably inﬂuenced by solvent polarity: In acetonitrile
the driving force (−ΔG°CS2) for this process is estimated to be
0.2 eV higher (i.e., more negative) than that in dichloro-
methane. This implies that solvent-dependent electron-transfer
rates might be observed for the formation of PTZ•+-P-C60
•−,
while the kinetics describing the oxidation of PTZ are expected
to be solvent polarity-independent. Additionally solvent
polarity distinctly inﬂuences the recombination of PTZ•+-P-
C60
•−, with the driving forces (−ΔG°CR2) being 0.1 eV lower in
acetonitrile than in dichloromethane. Considering the molec-
ular architectures of 1−3, the driving forces for the formation
(−ΔG°CS2) and recombination (−ΔG°CR2) of PTZ•+-P-C60•−
change with the donor−acceptor distance.
Ultrafast Time-Resolved Spectroscopy. To study the
impact of donor−acceptor distance and solvent polarity on the
photoinduced electron-transfer processes in the series 1−3, fs
and ns transient absorption (TA) spectroscopy were performed
in dichloromethane and acetonitrile. Thus the triads were
excited at 520 nm in the red edge of the 1MLCT band of the
photocenter. The ns TA spectra of 2 and 3 (Figure 1) are quite
similar and exhibit the same spectral characteristics as the
previously reported triad 1 (Figure S4a),38 that is, two distinct
long-lived excited-state absorption bands centered at 590 and
700 nm. The latter band indicates the formation of 3C60*, while
the former one is attributed to the absorption of the PTZ•+
radical cation. This assignment is based on the results of
oxidative UV−vis spectroelectrochemistry (Figure S3a), which
manifests the appearance of three new absorption bands at 365,
473, and 580 nm for the one-electron oxidized PTZ unity
(PTZ•+).38 We point out that the nonpronounced PTZ•+
absorption at 365 nm in the ns TA spectra of 2 and 3 is
considered as the formation of PTZ•+-P-C60
•− owing to the
spectral overlap with the negative absorption of C60
•− below
380 nm (Figure S3b), which has been discussed in detail for 1
in our previous work.38 The very similar ns TA features
observed for 1−3 indicates that identical excited-state electron-
transfer pathways are active in these triads; that is, the
relaxation pathway can be described (as shown in Scheme S1)
as an electron-transfer (indicated by the PTZ•+ absorption at
590 nm) and an energy-transfer path (indicated by the
formation of 3C60* absorption at 700 nm), as previously
reported for 1.38
Figure 1 reveals that the relative intensities of the two bands
representing the products of electron and energy transfer,
respectively, change with the donor−acceptor distance and
solvent polarity. For example, in dichloromethane the transient
absorption spectrum recorded at 15 ns (Figure 1a,c) shows a
reduced relative intensity of the PTZ•+ absorption at 590 nm
from 1.4 in 2 to 0.7 in 3 relative to the intensity of the
absorption band of 3C60* at 700 nm. Upon changing the
solvent from dichloromethane to acetonitrile (Figure 1c,d) the
590 nm absorption band of 3 increases signiﬁcantly, indicating
a more preferential population of PTZ•+-P-C60
•−. As far as the
stability (lifetime) of PTZ•+-P-C60
•− is concerned, dissolution
of 3 in acetonitrile leads to a decrease in the lifetime of PTZ•+-
P-C60
•− compared with dichloromethane. For 2 the ns TA
spectra reveal a drop of the band at 590 nm from 15 to 20 ns in
acetonitrile (Figure 1b), while the spectra are quite stable
during the same period in dichloromethane (Figure 1a). A
direct comparison of the PTZ•+-P-C60
•− lifetimes is facilitated
by considering the integrated TA kinetics (integrated over the
probe-range from 540 to 630 nm), which is characteristic for
PTZ•+-P-C60
•− (see Figure 2): PTZ•+-P-C60
•− in 2 decays
faster than that in 3. This reﬂects a faster backward electron-
transfer rate with shorter donor−acceptor distance. PTZ•+-P-
C60
•− in both 2 and 3 decays more rapidly in acetonitrile than
in dichloromethane.
Quantitative analysis of the temporal development (Figures
S5 and S6 and Table 2) reveals that the PTZ•+ feature at 590
nm decays much faster than 3C60* (feature at 700 nm).
Increasing the distance of donor−acceptor from 1 over 2 to 3,
the lifetime of PTZ•+-P-C60
•− increases from 20 ns (18.3 Å in
1),38 52 ns (22.9 Å in 2), to 180 ns (30.1 Å in 3) in
dichloromethane (see Table 2). The data summarized in Table
2 reveal: (i) the charge recombination rate (kCR2) decreases
with increasing donor−acceptor distance in both solvents and
(ii) charge recombination is faster in acetonitrile than in
dichloromethane. Considering that the driving forces for charge
recombination, that is, −ΔG°CR2 are always lower (i.e., less
negative) in acetonitrile than in dichloromethane, it is
concluded that charge recombination in 1, 2, and 3 occurs in
the Marcus-inverted region;43−46,49 (iii) The yield of PTZ•+-P-
C60
•− in 2 is the highest and is barely inﬂuenced by solvent
polarity. For 3, the yield of PTZ•+-P-C60
•− increases by a factor
of 3 in acetonitrile compared with dichloromethane.
On the basis of the data presented in Table 2, the attenuation
factor β was calculated according to McConnell’s relation (eq
1).17−32 A logarithmic plot of the backward electron-transfer
rates as a function of the PTZ-C60 distance is shown in Figure
3. The logarithm of kCR2 decreases linearly with increasing
donor−acceptor distance, yielding a phenomenological βCR2 =
0.18 and 0.19 Å−1 in dichloromethane and acetonitrile,
respectively. The spacer in this triad system is very similar to
the well-studied oligo(p-phenyleneethynylene) (OPE) struc-
tures, and the obtained βCR2 values are consistent with the
literature results that report β to be in the range of 0.1 to 0.4
Å−1 for electron transfer, albeit with diﬀerent donor and
Figure 2. Normalized integrated kinetic traces at the spectral region of
PTZ•+-P-C60
•− (540 to 630 nm) of the ns TA data upon excitation at
520 nm of 2 and 3 in dichloromethane (CH2Cl2) and acetonitrile
(CH3CN).
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acceptor combinations.18,35,37,50−53 βCR2 is thus relatively
insensitive to the solvent, and the absolute value (in either
solvent) indicates that charge recombination in 1−3 takes place
in the superexchange regime, for which β values of 0.2 to 0.3
Å−1 have been identiﬁed before, while incoherent hopping is
characterized by signiﬁcant lower β values.13,16
The mechanistic details of forward electron transfer in the
triads are revealed by fs TA spectroscopy (see Figures 4 and 5).
The transient spectra of 2 and 3 show ground-state bleach
around 500 nm and two regions of excited state absorption
(ESA), that is, from 340 to 460 nm and from 530 to 735 nm.
The spectra recorded at short delay times are typical for a
3MLCT absorption of the [Ru(tpy)2]
2+ center, that is, featuring
a broad ESA above 550 nm with the maximum at ca. 600
nm.42,54−56 The ESA band in the UV region is assigned to the
absorption of tpy•−.42,54−56 For 3 this band appears at 415 nm
and hence is red-shifted compared with 2 (band at ca. 380 nm).
This is due to the extended π−π conjugation at the 4′ position
of the tpy ligand.54−57 At long delay times the spectra of 2
match the respective ns TA data, with the PTZ•+ being visible
at 473 and 590 nm and 3C60* at 700 nm. For 3 the fs TA
spectra (Figure 4b) are relatively unstructured at probe
wavelengths larger than 530 nm at long delay times, while
the corresponding ns TA data (Figure 1c) already indicate the
ﬁnal excited states in 3, that is, PTZ•+-P-C60
•− and 3C60*.








c CH2Cl2 CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN
1 18.3 20d <10e 5.0 × 107 >10 × 107 2.5
2 22.9 52 19 1.9 × 107 5.3 × 107 3.1 3.3
3 30.1 180 94 0.6 × 107 1.1 × 107 0.6 2.1
aτCR2 represents the time constants for charge recombination of PTZ
•+-P-C60
•− and kCR2 is the corresponding charge recombination rate. ICSS/I
3
C60*
is the comparison of absorption intensities of PTZ•+-P-C60
•− and 3C60*.
bCalculated by comparing the absorption maxima of the component spectra
which are characteristic for PTZ•+-P-C60
•− (at 590 nm) and 3C60* (at 700 nm) in global ﬁt results (Figures S5 and S6).
cCenter-to-center distances,
R.39 dLifetime of PTZ•+-P-C60
•− in 1 in dichloromethane was taken from ref 38. eBecause of the fast charge recombination of PTZ•+-P-C60
•− in 1 in
acetonitrile (Figure S4b), the real value cannot be obtained under the time resolution (∼10 ns) of our setup.
Figure 3. Distance dependence of the backward electron transfer
ln(kCR2) in 1, 2, and 3 in dichloromethane (CH2Cl2, black squares)
and acetonitrile (CH3CN, red triangles). Note: In acetonitrile, charge
recombination in 1 is within the time resolution of the setup (∼10 ns)
and the value is an estimate.
Figure 4. Transient absorption spectra (up) at selected delay times and decay-associated spectra (down) resulting from the global ﬁt upon excitation
at 520 nm in dichloromethane (CH2Cl2) for 2 (a,c) and 3 (b,d).
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The quantitative interpretation of the fs TA data38,58,59 yields
three kinetic components and a long-lived species for both 2
(Figure 4c) and 3 (Figure 4d). The interpretation of the kinetic
components follows the previously reported study on 1 (Figure
S8c) and the reference dyad (Figure S7c):38 The long-lived
species in decay-associated spectra (DAS, Figure 4c,d) reveal
spectral features indicative of a mixture of PTZ•+-P-C60
•− and
3C60* states. The fastest component (τ1 = 4 and 7 ps in
dichloromethane for 2 and 3, respectively) in DAS is assigned
to the formation of the charge-transfer intermediate PTZ•+-
P•−-C60 state, which describes an increase in positive signal
amplitude at the position (i.e., at 365 nm) of the absorption of
oxidized PTZ. τ2 = 63 and 89 ps in dichloromethane for 2
(Figure 4c) and 3 (Figure 4d), respectively, is attributed to
energy transfer from the excited Ru-photocenter to the C60
acceptor. This assignment is based on the similarity of the
spectral characteristics observed in 1 (associated with τ2 = 20
ps; Figure S8c), which reveals a spectral shape similar to the
ESA of 3MLCT state. We would like to clarify that the electron
transfer (τ1) and energy transfer (τ2) occur from the diﬀerently
distributed 3MLCT states (instead of the lowest 3MLCT state,
see Scheme S1), which has been proven by excited-wavelength-
dependent resonance Raman and nanosecond TA spectrosco-
py.38 Hence the two decay pathways can have diﬀerent time
constants because they do not compete with each other
kinetically. Finally, the third process (τ3 = 535 and 794 ps in
dichloromethane for triad 2 and 3, respectively) is assigned to
the formation of PTZ•+-P-C60
•−.
Changing the solvent from dichloromethane to acetonitrile
(higher polarity, Figure 5) causes the absorption bands of 3 at
473 and 580 nm (the absorption of PTZ•+) to become more
pronounced. This is also reﬂected in the ns TA data (Figure
1d). The results of the quantitative analysis of the photo-
induced kinetics in both acetonitrile and dichloromethane are
listed in Table 3, and the excited-state relaxation diagrams of
1−3 are graphically depicted in Scheme S1.
The rates for the ﬁrst charge separation, that is, the formation
of PTZ•+-P•−-C60, in 1−3 are rather similar, which can be
rationalized by invoking the ﬁxed distance between the PTZ
donor and the photoactive Ru center as well as the similar
driving forces −ΔG°CS1 (see Table 1). However, the rates for
the formation of PTZ•+-P-C60
•− signiﬁcantly depend on the
donor−acceptor distance and the solvent polarity (see Table
3). The data show that kCS2 displays qualitatively diﬀerent
distance dependence in diﬀerent solvents. In dichloromethane
kCS2 decreases with increasing donor−acceptor distance, while
in acetonitrile kCS2 increases by a factor of 1.5 from the shortest
triad 1 to the longest triad 3. This is graphically reﬂected in
Figure 6, which depicts the logarithm of kCS2 versus the Ru−C60
distance, RRu−C60. This behavior leads to a positive slope
(+0.034 Å−1) in acetonitrile and a negative slope (−0.046 Å−1)
in dichloromethane (Figure 6). If we refer to the McConnell’s
relation (eq 1) a phenomenological negative β (−0.034 Å−1) in
Figure 5. Transient absorption spectra (up) at selected delay times and decay-associated spectra (down) resulting from the global ﬁt upon excitation
at 520 nm in acetonitrile (CH3CN) for 2 (a,c) and 3 (b,d).
Table 3. Summary of the Time Constants for the Second Charge Separation (τCS2) and Energy Transfer (τEnT) Processes in






b CH2Cl2 CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN
1 9.3 457 716 2.2 × 109 1.4 × 109 20 23 5.0 × 1010 4.3 × 1010
2 13.4 535 585 1.9 × 109 1.7 × 109 63 94 1.6 × 1010 1.1 × 1010
3 20.8 794 480 1.3 × 109 2.1 × 109 89 18 1.1 × 1010 5.6 × 1010
akCS2 and kEnT represent the electron-transfer and energy-transfer rates.
bCenter-to-center distances, R.39
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acetonitrile and positive β (+0.046 Å−1) in dichloromethane are
obtained. Thus, to the best of our knowledge, this study
presents the ﬁrst report revealing that the distance dependences
of electron-transfer rates (thus the sign of the phenomeno-
logical β values) can be switched by varying the solvents. The
absolute values of the phenomenological β for the forward
electron transfer are rather low compared with other β values
reported for OPE spacers (0.1 to 0.4 Å−1).18,35,37,50−53
To rationalize this ﬁnding of changing the sign of the
phenomenological β value by changing the solvent, one might
resort to eq 3, which relates β to the spacer length, r0, the
energy gap between donor states and the spacer subunits, Δ,








Many studies indicated that changing Δ notably impacts the
electron-transfer rates and, hence, the β values obtained for the
same spacer.18−20,50,62,63 Because both donor and spacer states,
in principle, are solvent-dependent one might argue that slight
changes in Δ could lead to a change in the sign of ν
Δln if the
magnitude of Δ was close to the magnitude of v. However,
Albinsson and coworkers speciﬁed Δ/v ≫ 1 for OPE-based
spacers.63 Albeit the fact that Δ/v is a function of both the
donor and the spacer, a quantitative comparison between the
electrochemical properties of the triads reported here and the
donor groups reported by Albinsson63 makes it highly unlikely
that the change in sign of the β values reported here can be
explained based on eq 3. Another possibility is that eq 3 is not
valid anymore because for our triad system the spacer cannot
be treated as identical spacer subunits according to the
superexchange model. Furthermore, Albinsson suggested a
local β value based on a modiﬁed tunneling theory that regards
the spacers as a single tunneling barrier of width and height to
account for untypical, nonexponential distance dependence of
donor−acceptor electronic coupling. This model indicates that
if the variation of the energy of the spacer states with distance is
large then the local β value is negative, which can explain the
unusual nonexponential increased donor−acceptor electronic
coupling with increasing distance.63 Deviating from the
generally expected trend, that is, decreasing electron-transfer
rates with increasing donor−acceptor distances (irrespective of
the actual transfer mechanism11−16,28,46,64−66), theory has
predicated a regime in which the electron-transfer rates
increase with increasing donor−acceptor distances.67 Exper-
imentally such a regime has been observed when studying the
distance dependence of photoinduced electron transfer in a
given solvent. For example, Wasielewski and coworkers
reported on a donor−spacer−acceptor (PTZ-Bn-PDI) system
for which a signiﬁcant decrease in charge recombination rate
was observed from PTZ-B1-PDI to PTZ-B3-PDI (β = 0.67
Å−1); then, upon further elongation of the bridge, a slight
increase in rate was observed from PTZ-B3-PDI to PTZ-B5-
PDI. This result was explained based on the interplay between a
reduced energy gap (eq 3) and a decreasing internal
reorganization energy.68 Very recently, in an related approach,
the Wenger group attributed this unusual distance dependence
of the backward electron transfer rates to the interplay between
reorganization energy and electronic coupling based on the
Marcus theory (eq 4) and a superexchange model (eq 5).69−71
The authors presented extended numerical simulations
invoking the distance dependencies of the reorganization
energy (λ), the donor−acceptor electronic coupling (HDA),
and the driving forces (−ΔGET°) to illustrate the complex
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On the basis of the theory provided by Wenger,71 the
distance dependence of kET as a function of diﬀerent
parameters (i.e., the attenuation factor β, the driving force,
the reorganization energy, and solvent polarity) in our system
were simulated. Figure 7 is one example that qualitatively
describes the diﬀerent distance dependences of kET in two
solvents and shows that in certain donor−acceptor distance
(RDA) regions kET increases/decreases with increasing RDA in
acetonitrile/dichloromethane, which would result in diﬀerent
slopes with opposite sign, and thus the opposite sign of β values
determined according to the McConnell’s relation would be
obtained. However, during the simulations only positive β
values were employed according to the model.71 This indicates
that the frequently used relation (eq 1) might be questioned in
some cases because the relation (eq 1) is simpliﬁed and derived
from the assumption (kET ∝ HDA2 ) assuming that the distance
dependences of the reorganization energy and driving force are
weak,71 but according to the estimated reorganization energy
(Table S1) and driving forces (Table 1) for the second charge-
separation process the eﬀects of donor−acceptor distances
cannot be ignored, which means that eq 1 is oversimpliﬁed for
our system. Hence, the simulation combined with the Marcus
theory (eq 4) and superexchange model (eq 5)71 qualitatively
reproduce our observation and indicate the presence of a range
of donor−acceptor distances for which a variation of the
solvent will experimentally yield the slopes of opposite sign.
However, the simulation cannot quantitatively describe our
experimental results within a reasonable breadth of parameters
(see Figure 7 and Figure S9). Thus it seems that the widely
Figure 6. Distance dependence of the second electron transfer
ln(kCS2) in 1, 2, and 3 in dichloromethane (CH2Cl2, black squares)
and acetonitrile (CH3CN, red triangles).
The Journal of Physical Chemistry C Article
DOI: 10.1021/acs.jpcc.7b02513
J. Phys. Chem. C 2017, 121, 9220−9229
9226
used superexchange model (eqs 1, 3, and 5) cannot be used to
quantitatively account for the experimental data discussed here.
This indicates that the model seminally put forward by Wenger
needs to be extended to account for nonexponential distance-
dependent couplings, an approach that was introduced by
Albinsson63 to account for electron-transfer rates in a tunneling
model without explicit consideration of the solvent polarity.
■ CONCLUSIONS
The photoinduced ultrafast electron transfer (forward and
backward) in a series of molecular triads has been studied by
ultrafast time-resolved spectroscopy. It is found that the
phenomenological β, which is frequently utilized to describe
the exponential change of electron-transfer rates (kET) with
spacer elongation, (i) varies for the diﬀerent electron (forward-
or back-) transfer steps and (ii) can be tuned by solvent polarity
in a previously unreported manner; that is, a negative β value
was obtained in acetonitrile, while β was positive in
dichloromethane. The numerical simulation based on the
Marcus theory and the superexchange model theoretically
qualitatively accounts for the diﬀerent distance dependences of
kET observed in this study. However, the theories currently
discussed in the literature seem to fail to quantitatively account
for the data, indicating that a model extension, for example,
toward including nonexponential distance dependencies of the
coupling or alternative parametrization of the reorganization
energies, will have to be considered in the future.
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Figure S1. UV-vis absorption spectra of the reference dyad and triads 1-3 collected in (a) aerated 






























Emission spectra  
 
 
Figure S2. Normalized emission spectra (λex = 495 nm) of the reference dyad and triads 1-3 collected in (a) 
aerated dichloromethane (CH2Cl2) and (b) aerated acetonitrile (CH3CN) at room temperature. The absorption 
intensity at 495 nm for all compounds is kept the same (ca. 0.2). The emission spectra were normalized to the 




























UV-vis-SEC absorption difference spectra 
 
Figure S3. Spectroelectrochemical UV-vis absorption difference spectra of (a) PTZ·+ and (b) C60
·- collected in 
aerated acetonitrile by oxidation of the reference dyad (Figure S3c) and reduction of RuC60 (Figure S3d) 
respectively. Potentials are given vs Fc+/0. The reductive UV-vis-SEC spectra of C60
·- were smoothed by the 











ns TA spectra of 1  
 
Figure S4. Nanosecond transient absorption spectra at selected times of 1 upon excitation at 520 nm in (a) 
aerated dichloromethane (CH2Cl2) and (b) aerated acetonitrile (CH3CN). For comparison with other triads the ns 
TA spectra were normalized by the absorption maxima of 3C60















Global fit results of the ns TA data 
 
Figure S5. Global fit results of the ns TA data of (a) 1, (b) 2 and (c) 3 upon excitation at 520 nm in aerated 
dichloromethane (CH2Cl2). All spectra were normalized by the corresponding absorption maximum of 
3C60
* (at 
700 nm) and only show the spectral region above 540 nm where displays significant characteristics. The relative 
short one (red squares) mainly dominates at 590 nm (the absorption of PTZ·+) and the longer one (black spheres) 
dominates at 700 nm which is assigned to PTZ·+-P-C60
·- and 3C60












Figure S6. Global fit results of the ns TA data of (a) 1, (b) 2 and (c) 3 upon excitation at 520 nm in aerated 
acetonitrile (CH3CN). All spectra were normalized by the corresponding absorption maximum of 
3C60
* (at 700 
nm) and only show the spectral region above 540 nm where displays significant characteristics. The relative 
short one (red squares) mainly dominates at 590 nm (the absorption of PTZ·+) and the longer one (black spheres) 
dominates at 700 nm which is assigned to PTZ·+-P-C60
·- and 3C60




















fs TA spectra of reference dyad 
 
 
Figure S7. Transient absorption spectra (up) at selected delay times and decay-associated spectra (down) 
resulting from the global fit upon excitation at 520 nm for the reference dyad in (a, c) aerated dichloromethane 
and (b, d) aerated acetonitrile.  
 
Interpretation of the fs TA data in dichloromethane has already been reported in the prior work.1 
Changing solvent from dichloromethane to acetonitrile shows notable changes in spectra: In the 
visible region, the fs TA spectra in acetonitrile are flatter than in dichloromethane. Another distinct 
difference is located at the UV region where the absorption of PTZ·+ displays very fast decay between 
417 and 1714 ps in acetonitrile while it shows no significant change after photoexcitation in 
dichloromethane. It is reasonable to think that charge recombination is faster in acetonitrile than that in 
dichloromethane. The assignment of time constants in Figure S7d can be done in accordance to Figure 
S7c. Hence in acetonitrile, the first component (τ1 = 6 ps) is also attributed to the formation of PTZ
·+-
P·-. While the shape of the second component (τ2 = 1195 ps) is very close to an overall decay, it might 
be that there is already contribution from the recombination of PTZ·+-P·- owing to the fast decay in 
more polar solvent.  
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fs TA spectra of 1 
 
 
Figure S8. Transient absorption spectra (up) at selected delay times and decay-associated spectra (down) 
resulting from the global fit upon excitation at 520 nm for the shortest triad 1 in (a, c) aerated dichloromethane 
and (b, d) aerated acetonitrile.  
 
Interpretation of the fs TA data in dichloromethane has already been reported in the prior work.1 
Changing solvent from dichloromethane to acetonitrile, the most significant difference is that the band 
at 473 nm in acetonitrile (Figure S8b) is not as pronounced as in dichloromethane (Figure S8a). The 
assignment of time constants in Figure S8d can be done in accordance to Figure S8c, both of which 
shows quite similar dynamics for the first charge separation (τ1 = 3 ps) and energy transfer (τ2 = 20 ps 
in dichloromethane, τ2 = 23 ps in acetonitrile) processes. The third component is attributed to the 
formation of PTZ·+-P-C60
·- which is slower in acetonitrile (τ3 = 716 ps) than that in dichloromethane 
(τ3 = 457 ps). Moreover, the shape of the third component (τ3 = 716 ps) is very close to an overall 
decay, it might be that there is already contribution from the recombination of PTZ·+-P-C60
·- which is 
indicated by the ns TA data (< 10 ns).   
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Scheme S1. Energy-level diagrams of 1 (a), 2 (b) and 3 (c) are developed by electrochemical, resonance Raman 
and fs / ns TA data.1 (d) Molecular structure of 2 as an example to show the different ligands that the terpyridine 
(tpy) ligand connecting with N-methylphenothiazine (PTZ) is named as tpy-PTZ and another tpy ligand close to 
C60 is named as tpy-C60. 
a The energy of 3C60
* is 1.51 eV which is polarity independent.2 Note: for relaxation 





















Numerical Simulations of the distance dependent electron transfer rates 
 
kET =  � 𝜋𝜋ћ2 ∙ λ ∙ kB ∙ T ∙ HDA2 ∙ exp�− (λ +  ∆GET0 )24 ∙ λ ∙ kB ∙ T �                                     (1) 
 HDA =  H0 ∙ exp(−𝛽𝛽2 ∙  RDA)                                                                                  (2) 
 
λ = λi + λo                                                                                                                  (3) 
 





Figure S9. Distance dependences of kET resulted from the Marcus theory (eq S1, 3 and 4) and superexchange 
model (eq S2).3 The parameters used for simulations are within the reasonable regions based on the experimental 
results and are displayed in the corresponding figures. Except these parameter variations (i.e. the attenuation 
factor β, the radius of the donor a1 and driving force) in simulations, for CH3CN, η = 1.3416,
4 εs = 35.9
3 and for 
CH2Cl2, η = 1.4212,
4 εs = 8.93.
3 The radius of the acceptor C60 (a2) is estimated to be 4.5 Å. The inner 
reorganization energy (λ i) is assumed to be 0.1 eV.
3 We would like to pointed out that: i) The values of the 
driving forces ΔG°ET are based on the fact that the absolute values of ΔG
°
ET in dichloromethane are around 80% 
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of that in acetonitrile according to Table 1 (i.e. ΔG°CS2). Two sets of driving forces were used, i.e. -1.0 eV in 
CH3CN vs. -0.8 eV in CH2Cl2 (a), and -0.7 eV in CH3CN vs. -0.56 eV in CH2Cl2 (b, c). It should be noted that 
in principle ΔG°ET is also distance dependent but in the simulations here we assumed ΔG
°
ET is constant in a 
certain solvent.3 ii) For the values of a1, the second electron transfer process occurs from an intermediate state 
PTZ·+-P·--C60, the electron density is thought to be delocalized over the conjugated PTZ and Ru complex unities. 
According to the optimized molecular structure the radius of Ru complex is estimated to be 5 Å.5 Here two 
values of a1 were used, i.e. a1 = 7.5 Å (a, b; 50% of the radius added) and a1 = 9.6 Å (c; it is the center-to-center 
distance between PTZ and Ru). iii) The β-values used in simulations were based on the absolute values of the 
experimental results (0.034 Å-1 in acetonitrile and 0.046 Å-1 in dichloromethane) and were adjusted around them.  
 
The numerical simulations qualitatively describe the different distance dependences of kET in 
two solvents and illustrates that in certain donor-acceptor distance (RDA) regions, the kET 
increases / decreases with increasing RDA in acetonitrile / dichloromethane which would 
result in different slopes with opposite sign (by plotting lnkET vs. RDA). Although the 
simulations here indicate the possibility of observing the inversion of the distance dependence 
of the electron transfer rates which could be tuned by varying the solvent polarity, compared 
with the experimental data (in which the second charge separation process in 1-3 takes place 
in a distance (RDA) region of 10 to 21 Å), there are still some deviations. One reason for the 
deviations might result from the error of parameters estimation, i.e. β-values, reorganization 
energy (a1, a2 and λi in eq S3, S4) and driving forces used in the simulation. For example, in 
the simulation only positive β-values were considered.3 More importantly, we think that the 
method used here which combines the Marcus theory and the superexchange model3 should 
be extended in order to account for non-exponential distance-dependent couplings, an 













Estimation of the reorganization energy 
Table S1. The reorganization energies for the charge-separation (λCS1 and λCS2 for the first and second charge-
separation step, respectively) and charge-recombination (λCR2  for the recombination of PTZ
·+-P-C60
·-) processes 
were estimated by using eq S3 and S4. The inner reorganization energy (λi) is assumed to be 0.1 eV.
3 The radius 
of PTZ, Ru complex and C60 is 4, 5 and 4.5 Å, respectively.
5  
 
      
1 0.77 1.02 0.67 0.89 1.09 1.48 
2 0.77 1.02 0.85 1.13 1.16 1.56 
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Superexchange in the fast lane – intramolecular
electron transfer in a molecular triad occurs by
conformationally gated superexchange†
Yusen Luo,ab Maria Wa¨chtler, ab Kevin Barthelmes,cd Andreas Winter, cd
Ulrich S. Schubert cd and Benjamin Dietzek *abd
Photoinduced electron transfer via hopping is generally considered
to have a stronger temperature dependence than electron transfer
via superexchange. However, in this work, an opposite trend of
the temperature dependence is observed. This unexpected result is
rationalized by considering the specific geometrical and electronic
structure of the Ru-bis(terpyridine) photosensitizer.
Photoinduced electron transfer in donor–spacer–acceptor
(D–S–A) molecules is extensively studied both experimentally1–4
and theoretically5,6 to understand the underlying mechanism and
to correlate it with the molecular structure. Studies have indicated
that electron transfer through molecular spacers is mediated by
either coherent superexchange or incoherent hopping.1–4 Also, a
combination of both mechanisms was found to be operative
in some cases.7–9 Electron transfer via superexchange requires
orbital overlap and spacer states higher in energy than the donor
states. Consequently, no spacer radicals are formed – not even
transiently.1–3,8,9 This leads to the characteristic exponential
dependence of the electron transfer rates (kET) on the donor–
acceptor distances (RDA):
1–4,7,8 kET = k0ebRDA, b is the attenuation
factor. When the spacer states become energetically similar or
lower than the donor states, which can be achieved by structural
variation of the spacer, e.g. lengthening the p-conjugation10,11 or
introduction of proper substituents,7,10,12 the spacer becomes
accessible for accepting an electron. As a result, the spacer-
localized intermediate charge-separated states take part in electron
transfer.1–4,9 Such a situation leads to electron transfer via the
so-called hopping mechanism. ln kET vs. RDA is often considered
to evaluate the mechanism of electron transfer and small b
values (o0.2 Å1) are attributed to hopping.1–4,8,10,13 However,
recent studies have shown that differentiating the electron
transfer mechanisms by the magnitude of the b value only
might lead to misconceptions.8,9 Nevertheless, hopping is
generally considered to be more efficient than superexchange
at longer donor–acceptor distances. Hence, the appearance of
a slope change when studying ln kET vs. RDA may indicate a
change of the electron-transfer mechanisms.10,14–16
Another approach to understand the mechanism of electron
transfer is to investigate the temperature dependence of kET.
Consequently, a few studies have employed the reformed
Marcus equation:9,17–21











 lþ DGð Þ
2
4  l  kB  T
where l, HDA and DG represent the reorganization energy, electronic
coupling and free energy change associated with electron transfer,
respectively. By plotting ln(kETT1/2) vs. 1/T, l and HDA can be
extracted from the slope (DG is estimated by Rehm–Weller
equation22) and the intercept, respectively. The activation energy
for electron transfer can be obtained as: DG‡ = (l + DG)2/4l.19,20
A change in electron transfer mechanism upon variation in
the temperature will lead to deviations from linearity of the
ln(kETT1/2) vs. 1/T plot.9,17–21 Following this approach, in literature
reports on cases of temperature dependent slopes of ln(kETT1/2) vs.
1/T, most research comes to the conclusion that hopping has a
stronger temperature dependence than superexchange.18–21 How-
ever, such analysis has to be conducted with care as temperature-
induced changes in the solvent’s dielectric properties might cause l,
HDA and DG to become temperature-dependent quantities.
3,11,23,24
Considering this, Wasielewski pointed out that positive activation
cannot exclusively indicate a hopping mechanism while less
activated behavior (i.e. flat slopes) alone cannot be conclusively
attributed to superexchange.24 The studies available in the
literature rely on organic chromophores as photosensitizers.9,17–21
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However, the practical applications of photo-driven electron transfer,
e.g. in artificial photosynthesis, often exploit Ru-polypyridyl
complexes as versatile and potent photosensitizers.25–27
We have previously reported a triad system (Fig. 1) which contains
an N-methylphenothiazine (PTZ) electron donor, a Ru(II) bis(terpyr-
idine) photosensitizer (P) and an N-methylfullerpyrrolidine (C60)
electron acceptor.28,29 Studies at room temperature indicated that
upon excitation of the MLCT transitions, a two-step electron transfer
PTZ3PC60 !ET1 PTZþPC60 !ET2 PTZþPC60 
and a triplet–triplet energy transfer take place from two distinct
3MLCT states (see Fig. S1, ESI†).28,29 In different triads, ET2
takes place between the Ru(tpy)2
 and C60 acceptor at varying
distances. To identify the underlying mechanism of ET2,
temperature-dependent fs transient absorption (TA) spectro-
scopy was performed.
In the fs TA measurements, samples were excited at 520 nm,
i.e. in the red edge of the MLCT band to enable direct comparison
with the previously obtained results at room temperature.28,29 The
TA data were collected in the temperature range between 300 and
230 K (for full sets of data see Fig. S2–S7, ESI†). For each
compound, the TA spectra do not display significant changes
upon changing the temperature. Thus, the model previously
developed at room temperature for 1–3 (Fig. S1, ESI†) is applied
to analyze the data recorded at different temperatures. Fig. 2
exemplarily depicts the TA spectra recorded at 240 K of the
shortest and the longest triad. At short delay times, the typical
spectral features of the 3MLCT states of the Ru(II) polypyridyl
complexes are displayed: a strong ground state bleach (GSB) at
around 500 nm and two excited-state absorption (ESA) bands in
the wavelength region of 350 to 450 nm and 550 to 750 nm.31
The extended conjugation of the tpy ligands leads to red-shifted
ESA bands,31 i.e. from amaximum below 400 nm in 1 to 425 nm
in 3 (at 1 ps). At long delay times, e.g. at 1700 ps, three distinct
ESA bands appear at 475, 590 and around 700 nm for 1 (Fig. 2a
and b) as well as for 2 (see Fig. S4, ESI†). The bands at 475 and
590 nm indicate the formation of the oxidized phenothiazine
radical (PTZ+, Fig. 1) and the broadband at around 700 nm is
attributed to the absorption of fullerene triplet states (3C60*,
Fig. 1).28,29 The spectra of 3 recorded at long delay times (Fig. 2c
and d) appear relatively unstructured compared to 1 but the
ESA band at around 590 associated with the formation of PTZ+
is still discernible.
The characteristic time constants associated with each pro-
cess were obtained by globally fitting the data (Fig. 2c, d and
Fig. S3, S5, S7, ESI†). For all triads, consistent with the data at
room temperature (Fig. S1, ESI†), three kinetic components and
a long-lived component are suﬃcient to account for the data
between 300 and 230 K: the first component (t1 = 3.5 and 10 ps
for 1 and 3, respectively) is characterized by an increased TA
signal at around 365 nm (3) and at 590 nm (1), and thus, is
attributed to the formation of PTZ+–P–C60 (ET1, the different
time constants for ET1 in 1 and 3 at the same temperature is due
to the distinct HDA.
32 Fig. S1, ESI†).28,29 The spectral changes
associated with t2 (18 and 73 ps for 1 and 3, respectively)
revealing a decay of the 3MLCT state without the formation of
PTZ+, indicates energy transfer to form 3C60* (Fig. S1, ESI†).
28,29
The third component (t3 = 890 and 940 ps for 1 and 3,
respectively) is characterized by a decreasing signal both at 350
to 400 nm and at 610 nm. This is associated with the decay of the
reduced ligand tpy 31 in PTZ+–P–C60. Additionally, C60

has a negative contribution below 400 nm (see Fig. 1). Thus, t3 is
assigned to ET2, i.e. PTZþPC60 !ET2 PTZþPC60.
The long-lived species represents a charge recombination of
Fig. 1 Schematic representation of the molecular triads 1–3 studied in
this work. The UV-vis absorption spectra of 1–3 (dotted line, from bottom
to top) were recorded at room temperature.30 The absorption spectrum of
the fullerene triplet state (i.e. 3C60*) was taken from the ns TA data.
28 The
UV-vis absorption difference spectrum of the oxidized PTZ donor (i.e.
PTZ+) shows three new bands at 365, 473 and 580 nm while the reduced
fullerene (i.e. C60
) has a negative contribution below 400 nm.28,29 All the
spectra were recorded in dichloromethane. Note: only the spectra of
3C60*, C60
 and PTZ+ were arbitrarily scaled and are shown here to
facilitate the discussion.
Fig. 2 (a and c) The fs transient absorption spectra at selected delay times
and (b and d) decay-associated spectra resulting from the global fit upon
excitation at 520 nm in a 1 cm cuvette in dichloromethane for 1 (a and b)
and 3 (c and d) at 240 K. The grey dashed line represents the shape of the
corresponding inverted ground state absorption spectrum which is scaled
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PTZ+–P–C60
 and relaxation of 3C60* to the ground state. As a
result, both the electron and energy transfer are still active in the
entire temperature range probed. We would like to point out that
the coexistence of both decay channels even at low temperatures,
i.e. via stepwise electron transfer on the one hand and energy
transfer on the other hand, is due to the fact that they originate
from the two distinct 3MLCT, whose decays do not compete with
each other kinetically (see Fig. S1, ESI†).28,29
Regarding the mechanisms underlying ET2, its distance
dependence is considered first. The kET2 (summarized in Table
S1, ESI†) decreases with increasing donor–acceptor distance at
300 and 280 K consistent with the result observed at room
temperature in dichloromethane.29 However, upon further
decreasing the temperature, kET2(3) becomes larger than kET2(2).
The distance dependence of kET2 as a function of temperature is
depicted in Fig. 3a: at 300 and 280 K ln(kET2) falls onto a single
linear relation with distance RRu-C60. However, upon decreasing
the temperature from 270 to 230 K an increased kET2(3) is
observed (Fig. 3a). Or to put it differently: at temperatures lower
than 270 K a minimal kET2(2) is observed (Fig. 3a). The electron
transfer rates thus do not decay exponentially with increasing
distance in the temperature range between 270 and 230 K
(Fig. 3a). Such changes in the slope of ln kET vs. RDA already
presented in literature10,14–16 indicate a switch in the electron-
transfer mechanism from superexchange (1 and 2) to hopping (3).
Fig. 3b shows a re-evaluation of the temperature dependent
kinetics of ET2. In doing so, the temperature dependence of the
solvent’s dielectric properties was explicitly taken into account:
both l (estimated based on Marcus’s dielectric continuum
model, eqn (S1)–(S2), ESI†) and DG‡, i.e. (l + DG)2/4l, are nearly
temperature independent (Tables S2–S4, ESI†). Thus, the
solvent properties themselves do not induce significant deviations
to the Marcus analysis. Fig. 3b shows that kET2 is well described by
the Marcus equation and no slope-changes indicative of different
electron-transfer mechanisms in different temperature ranges
are apparent.9,17–21 Consequently, combined with the results
obtained from Fig. 3a, we conclude that from 300 to 230 K
electron transfer in the two short triads occurs via superexchange
while incoherent hopping is dominant in 3. Hopping being
operative in 3 can be understood by the rather extended con-
jugated molecular spacer between the Ru(tpy)2-photosensitizer
and C60 acceptor.
7,10,12 The structural changes in the electronically
excited state of the extended conjugated D–S–A systems might
impact the distance and temperature dependence of kET, e.g. ET
can be gated by torsional motions in the molecular spacer.11,33,34
For 3, this would correlate to the torsional motion in the alkoxy
substituted oligo(p-phenyleneethynylene)s molecular spacer. How-
ever, the experimentally determined activation energyDG‡ for ET2 in
3 amounts to only 0.04 eV, i.e. it is an order of magnitude smaller
than the calculated torsional barrier (0.3–0.6 eV, depending on the
actual theoretical method used) for the related oligo(p-phenylene-
ethynylene)smolecular spacers.35,36 Hence, ET2 in 3 does not appear
to be gated by torsional dynamics of the ligand system.
Notably, however, ET2 in 3, occurring via hopping, has a
weaker temperature dependence (i.e. a flatter slope) than the
superexchange underlying ET2 in 1 and 2 (Fig. 3b). To the best
of our knowledge, this is the first observation of superexchange
having a stronger temperature dependence than hopping in
structurally related systems: literature on the temperature-
dependent electron/hole transfer rates, which were investigated
in a range of molecular assemblies containing electron donors
p-extended tetrathiafulvalenes, phenothiazine, porphyrin and
ferrocene, and electron acceptors fullerene and perylene,9,17–21
points out that incoherent hopping is more sensitive to changes
in temperature than coherent superexchange. However, none
of the studies reported in the literature are concerned with the
Ru-polypyridine derived photosensitizers.
As l 4 |DG| (Table 1), ET2 occurs in the Marcus normal
region for 1–3. Thus, the relatively weak temperature-dependence
of kET2(3) is not due to the electron transfer in the Marcus inverted
region in which ET shows a very weak temperature dependence or
is even completely temperature independent.11,23 We relate the
observation of significant thermal activation of the superexchange
underlying ET2 in 1 and 2 to the specific structure of the Ru(tpy)2
photosensitizer. In the triads at hand, ET2 occurs from the
negatively charged tpy ligand connected to the PTZ donor (i.e.
PTZ–tpy ligand, Fig. S1, ESI†).28,29 Nonetheless, the orbitals carrying
the excess charge on the PTZ–tpy ligand are spatially orthogonal to
Fig. 3 (a) The plots of ln(kET2) versus the center-to-center distance
between the Ru complex and C60, i.e. RRu-C60. RRu-C60 was obtained from
the neutral, optimized molecular structure.30 The dashed lines are given to
show the trend of the electron transfer rates as a function of distance. (b)
Plots of ln(kET2T1/2) vs. 1/T in 1–3 with the corresponding linear fit. All data
were collected in dichloromethane. Bottom: A simplified graphical repre-
sentation of the temperature-activated geometry of the Ru photosensiti-
zer for superexchange. Color code: red Ru, blue N, grey C.
Table 1 Driving force (DG),29 reorganization energy (l), electronic
coupling (HDA) and activation energy (DG
‡) for ET2 in 1–3 dissolved
in dichloromethane
1 2 3
DG/eV 0.56 0.43 0.40
l/eV 1.36 1.17 0.77
HDA/cm
1 35 28 5
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the orbitals on the tpy–C60 ligand (see Fig. 3). Superexchange,
however, requires (at least fractional) orbital overlap. Hence,
ET2 via superexchange can only occur in thermally activated
geometrical structures, i.e. slightly distorted geometries of the
photosensitizer. Consequently, stronger temperature depen-
dence for superexchange in 1 and 2 is observed than for
hopping in the longest triad 3. This finding highlights the
specific electronic properties of the Ru(tpy)2 photosensitizer in
the D–S–A triad. In the literature, which investigated the
temperature dependent kET
9,17–21 electron transfer from (rather)
planar organic photosensitizers, i.e. excited C60, porphyrin and
perylene derivatives, kET via hopping is generally found to be
more temperature dependent than the rate of superexchange. In
such molecular architectures,9,17–21 the thermal population of a
specific conformation of the photosensitizers is not necessarily
required to trigger superexchange.
Photoinduced dynamics in triads containing a PTZ electron
donor, a Ru(tpy)2 photosensitizer (P) and a C60 electron acceptor
were studied by temperature dependent fs transient absorption
spectroscopy. Particular focus was put on the mechanism of the
second electron transfer PTZþPC60 !ET2 PTZþPC60.
Studies on the temperature- and distance-dependent electron
transfer rates reveal that ET2 occurs via hopping in the longest
triad while for the two short triads superexchange is operative.
Electron transfer via superexchange shows a much more pro-
nounced temperature dependence compared to hopping, which
is rationalized by the specific molecular geometry of the Ru(tpy)2
photosensitizer. This finding requires taking the rule of thumb
according to which a relatively weak temperature dependence of an
electron transfer process indicates superexchange being operative
with caution. Instead, the specific nature of the photosensitizer
has to be considered. Our previous work conducted at room
temperature29 showed opposing distance dependence of kET2 in
diﬀerent solvents. A simulation based on Marcus theory and a
superexchangemodel failed to quantitatively rationalize the results.
Here, we show that this is indeed due to the fact that hopping,
instead of superexchange, is operative in the longest triad.
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S2
Experimental details
The synthesis, steady-state emission spectra, electrochemical properties and photoinduced dynamics of 
1–3 at room temperature have been reported elsewhere.1-3
Time-Resolved Spectroscopy. Femtosecond (fs) transient absorption (TA) spectra were collected by 
using a previously reported home-built pump-probe laser system which is based on an amplified Ti: 
Sapphire oscillator (1 kHz, 800 nm).4 Samples were excited by pump pulse centered at 520 nm 
(TOPAS-C, Lightconversion Ltd.) with a duration of 80 fs. The power of the pump beam at the sample 
position was kept at 0.35 mW, corresponding to an energy of 0.7 µJ per pump pulse. A white light 
supercontinnum generated by focusing a fraction of the fundamental in a CaF2 plate is used to probe 
the samples in a wide spectral range (340 to 750 nm). The pump beam is delayed in time with respect 
to the probe beam by means of an optical delay line and the polarization between probe and pump is 
set at the magic angle (54.7°). For TA spectroscopy the samples are placed in a 1 cm cuvette (with an 
optical density of 0.24 at the excitation wavelength) which is placed in a temperature-controlled 
cryostat (Optistat DN, Oxford Instrument) cooled with liquid nitrogen. Temperatures were set by a 
temperature controller (ITC 503S, Oxford Instruments) and the actual temperature inside the cuvette is 
monitored by a temperature sensor connected to a digital multimeter (Keithley 2000 multimeter). A 
fresh solution is used for measurement at each temperature. The fs TA spectra are displayed after chirp 
correction. The fs TA data were analyzed by a global multi-exponential fit after exclusion of a 
temporal window of 500 fs around time-zero in order to avoid contributions of the coherent-artifact 
region to the data analysis. Furthermore, a spectral band of ca. 20 nm around the pump-wavelength is 
omitted from the data analysis due to pump-scatter in this spectral range. During all experiments the 
sample integrity was ensured by recording UV/Vis absorption spectra at room temperature before and 
after each fs TA measurement.
S3
Relaxation scheme of triads upon excitation
Figure S1. Relaxation processes for 1-3 which refer to the model proposed at room temperature.1,2 Terpyridine 
(tpy) ligand connected with N-methylphenothiazine (PTZ) and fullerene (C60) are named as PTZ-tpy and tpy-C60, 
respectively. Excitation of Ru(tpy)2 photosensitizer generates two differently distributed MLCT states, i.e. 
MLCTPTZ-tpy and MLCTtpy-C60, which decays via electron transfer (left side) and energy transfer (right side), 
respectively. 
S4
Temperature dependent fs TA spectra of 1
Figure S2. fs transient absorption spectra of 1 upon excitation at 520 nm in dichloromethane at selected delay 
times at temperature regions from 300 to 230 K.
S5
Figure S3. Decay-associated spectra of 1 resulting from the global fit upon excitation at 520 nm in 
dichloromethane.
We would like to point out that the fs TA data at 230 K (Figure S3g) yields three kinetic processes 
which are all faster than the corresponding process at higher temperatures. Meanwhile the spectral 
features of the second and third components in Figure S3g are different to the other data. Thus, the 
data point of the shortest triad 1 at the lowest temperature 230 K was not included in the Marcus 
analysis in the main text. 
S6
Temperature dependent fs TA spectra of 2
Figure S4. fs transient absorption spectra of 2 upon excitation at 520 nm in dichloromethane at selected delay 
times at temperature regions from 300 to 230 K.
Figure S5. Decay-associated spectra of 2 resulting from the global fit upon excitation at 520 nm in 
dichloromethane.
S7
Temperature dependent fs TA spectra of 3
Figure S6. fs transient absorption spectra of 3 upon excitation at 520 nm in dichloromethane at selected delay 
times at temperature regions from 300 to 230 K.
S8
Figure S7. Decay-associated spectra of 3 resulting from the global fit upon excitation at 520 nm in 
dichloromethane.
S9
Estimation of reorganization energy and the temperature dependence
                      𝜆 = 𝜆𝑖 +  𝜆𝑜                                                                                                 (1)   
                            𝜆𝑜 =  𝑒24 ∙ 𝜋 ∙ 𝜀0 ∙ ( 12𝑎1 + 12𝑎2 ‒ 1𝑅𝐷𝐴) ∙ ( 1𝑛2 ‒ 1𝜀𝑠)                              (2)          
where λi and λo represent the inner and outer reorganization energy, respectively.5 λi reflects the free 
energy change associated with the nuclear bond length changes within molecules while λo accounts for 
the reorganization of the surrounding chemical environment, e.g. solvent molecules. In the simplest 
model, electron donor and acceptor are treated as spheres with radii a1 and a2.6 RDA is the distance 
between donor and acceptor. n and εs represent refractive index and dielectric constant of the solvent 
involved during charge transfer, respectively. ε0 is the vacuum permittivity (8.85 × 10−12 F/m).
For this triad system:
1. λi is estimated to be 0.1 eV6,7 and commonly treated as distance6 and temperature independent.8,9 
2. Both n and εs are temperature dependent, εs(T) = a + bT + cT2 + dT3, for dichloromethane, a = 
0.40452×102, b = – 0.17748×100, c = 0.23942×10-3, d = 0;10 for dichloromethane n(T) = 1.59078 – 
5.66×10-4 T.11
3. For the first electron transfer (PTZ-3P*-C60→PTZ·+-P·--C60), PTZ and Ru complex are the electron 
donor (a1 = 4 Å) and acceptor (a2 = 5 Å), respectively. The center-to-center distance RDA is 9.6 Å. For 
the second electron transfer (PTZ·+-P·--C60→PTZ·+-P-C60·-), reduced Ru complex and C60 are the 
electron donor (a1 = 5 Å) and acceptor (a2 = 4.5 Å), respectively. The center-to-center distance RDA is 
9.3, 13.4 and 20.8 Å for 1, 2 and 3, respectively. Note: the parameters a1, a2 and RDA were estimated 
from the neutral, optimized molecular structures.2,3 
For ET1, due to the same electron donor, electron acceptor and the same donor-acceptor distance, 
identical reorganization energy will be produced which was already shown in a previous study.12 The 
calculated reorganization energy for ET2 as a function of temperature is summarized in Table S2-4.
S10
Temperature dependence of driving forces 
                                            ΔGCS1 = e (ED+/D –EA/A-) – E00 –                                     (3)
𝑒24𝜋𝜀0𝜀𝑅𝐷𝐴 
                                            ΔGCR1 = – ΔGCS1–E00                                                                          (4)
For the first electron transfer step, the radical pairs are tpy·- / PTZ·+; E00 is the energy difference 
between the thermalized, lowest 3MLCT excited state and ground state of Ru complex. E00 is taken to 
be 2.07 eV.2
For the second electron transfer step the radical pairs are C60·- / PTZ·+. 
                                            ΔGCS2 = ΔGCR1 – ΔGCR2                                                                                        (5)
                                            ΔGCR2 = e (EA/A-–ED+/D) +                                 (6)
𝑒24𝜋𝜀0𝜀𝑅𝐷𝐴 
The values of EPTZ+/PTZ, Etpy/tpy- and EC60/C60- were taken from ref. 3. The influence of temperature on 
driving forces is caused by the temperature dependent dielectric constant (ε) of dichloromethane.
S11
Summary of time and rate constants for ET2
  Table S1. Temperature dependence of time constants and the corresponding rate constants for the second 
electron transfer process in 1–3 obtained from the global fit of fs TA data.
τET2 / ps kET2 × 109 / s-1
T /K 1 2 3 1 2 3
300 330 500 690 3.0 2.0 1.5
280 420 570 740 2.4 1.8 1.4
270 580 940 860 1.7 1.1 1.2
260 710 1000 850 1.4 1.0 1.2
250 770 1270 920 1.3 0.8 1.1
240 890 –a 940 1.1 –a 1.1
230 –b 1620 1000 –b 0.6 1.0
a fs TA data for 2 at 240 K were not collected. b The data for 1 at 230 K is not included here because of the 
changed TA spectral features, see Figure S3.
S12
Summary of theoretical estimation for ET2
Table S2. Summary of the estimated temperature dependent dielectric constant (ε) and refractive index (n) of 
dichloromethane as well as reorganization energy (λET2), driving force (–ΔGET2), activation energy (ΔGǂET2) 
associated with the second electron transfer in triad 1. 
T / K ε n λET2 / eV –ΔGET2 / eV ΔGǂET2 / eV
300 8.7558 1.4210 0.668 0.559 0.004
270 9.9861 1.4380 0.672 0.569 0.004
250 11.0458 1.4493 0.675 0.576 0.004
230 12.2969 1.4606 0.678 0.582 0.003
Table S3. Summary of the calculated temperature dependent dielectric constant (ε) and refractive index (n) of 
solvent dichloromethane as well as reorganization energy (λET2), driving force (–ΔGET2), activation energy 
(ΔGǂET2) associated with the second electron transfer in triad 2. 
T / K ε n λET2 / eV –ΔGET2 / eV ΔGǂET2 / eV
300 8.7558 1.4210 0.847 0.431 0.051
270 9.9861 1.4380 0.852 0.443 0.049
250 11.0458 1.4493 0.856 0.451 0.048
230 12.2969 1.4606 0.859 0.459 0.047
Table S4. Summary of the calculated temperature dependent dielectric constant (ε) and refractive index (n) of 
solvent dichloromethane as well as reorganization energy (λET2), driving force (–ΔGET2), activation energy 
(ΔGǂET2) associated with the second electron transfer in triad 3.
T / K ε n λET2 / eV –ΔGET2 / eV ΔGǂET2 / eV
300 8.7558 1.4210 0.995 0.403 0.088
270 9.9861 1.4380 1.001 0.418 0.085
250 11.0458 1.4493 1.006 0.428 0.083
230 12.2969 1.4606 1.010 0.437 0.081
S13
The influence of temperature on solvent dielectric properties, i.e. dielectric constant ε and 
refractive index n, which may change λ (eq S1-2) and –ΔGET (eq S3-6), is considered in this 
work. It should be noted that the single linear relation indicated by the Marcus equation in the 
main text can really be expected when both λ and the term (λ+ΔG)2/4λ (i.e. activation energy, 
ΔGETǂ) are temperature independent.13 Otherwise, deviation from single linear regression 
would be observed because of the impact of temperature on solvent dielectric properties.13 
The previous study has shown that for the first electron transfer process both λ and ΔGETǂ are 
insensitive to temperature change.12 For the second electron transfer, according to Table S2-4, 
λ and ΔGETǂ are constant with temperature which show maximum changes smaller than 2% 
and 8%, respectively. Hence, we conclude that the solvent itself would not cause significant 
deviations due to temperature change. 
S14
Temperature dependence of ET1 
Table S5. Temperature dependence of time constants and the corresponding rate constants for the second 
electron transfer process (kET1) in 1–3 obtained from the global fit of fs TA data.
τET1 / ps  kET1 × 1011 / s-1
T / K 1 2 3 1 2 3
300 2.0 3.8 3.0 5.0 2.6 2.7
280 2.2 3.2 6.0 4.5 3.1 1.7
270 2.5 5.0 6.7 4.0 2.0 1.5
260 3.2 5.3 7.6 3.1 1.9 1.3
250 2.9 4.7 9.0 3.4 2.1 1.1
240 3.5 – 10 2.9 – 1.0
230 – 6.0 14 – 1.7 0.7
Figure S8. Plots of ln(kET1·T1/2) vs. 1/T for the first electron transfer process ET1 in 1 (red square), 2 (blue 
triangle) and 3 (black circle) with the corresponding linear fit according to eqn. (2).
S15
Table S6. Summary of driving force (–ΔG), reorganization energy (λ), electronic coupling (HDA) and activation 
energy (ΔGǂ) obtained from the experimental results for ET1 in 1–3. 
1 2 3
–ΔG / eV 0.23 0.26 0.24
λ / eV 0.67 0.63 0.86
HDA / cm-1 157 86 265
ΔGǂ / eV 0.07 0.05 0.1
Concerning the ET1 (temperature dependence of kET1 see Figure S8) for which identical PTZ 
donor, donor-acceptor distance and chemical linkage are involved, Table S6 indicates very 
similar –ΔG values for 1–3 which vary by only 10% from 0.26 (2) to 0.23 (1). Likewise, λ is 
rather similar for 1 (0.67 eV) and 2 (0.63 eV). However, for 3  is approximately 36% larger 
(0.86 eV). Noteworthily, HDA values are quite different amongst the investigated triads. HDA 
decreases in the order 3 (265 cm-1) > 1 (157 cm-1) > 2 (86 cm-1). This observation can be 
rationalized by the different substitution on the tpy–C60 ligand.12 Similar results have recently 
been reported in structurally related dyad systems.12 The variations in λ and HDA amongst the 
triads can be rationalized by considering the electron-rich –OC8H17 groups in 3. They 
indirectly increase the electron density at the photoactive Ru(tpy)2-core and increase λ and 
HDA.12 1 and 2 on the other hand contain pure electron-withdrawing substituents on the tpy-
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Remote control of electronic coupling – modification
of excited-state electron-transfer rates in
Ru(tpy)2-based donor–acceptor systems
by remote ligand design†
Yusen Luo,ab Jens H. Tran, a Maria Wa¨chtler, ab Martin Schulz, a
Kevin Barthelmes,cd Andreas Winter, cd Sven Rau,e Ulrich S. Schubert cd and
Benjamin Dietzek *abd
A comprehensive understanding of how the molecular structure
influences the electronic coupling is crucial in optimizing (supra)
molecular assemblies for photoinduced electron transfer. Here, we
report that the electronic coupling underlying electron transfer
from a phenothiazine donor to a photoexcited Ru(tpy)2 acceptor
is modulated by substitution of the second (remote) tpy-ligand.
Photoinduced electron transfer is a fundamental process in
natural and artificial photosynthesis.1–4 Compared to natural
photosynthesis where electron transfer proceeds with unity
quantum efficiencies and long-lived charge-separated states
(CSS) are generated,4 the artificial (supra)molecular assemblies
need to be optimized to achieve efficient electron transfer and
to produce long-lived CSS.4–7 Optimization of such man-made
systems requires an in depth understanding of the interplay
between molecular structure and key parameters for electron
transfer, i.e. electronic coupling (HDA), reorganization energy (l)
and driving force (DG1) according to the semi-classical Marcus
theory.1,3–5 While the impact of molecular structure on l and DG1
is quite well understood4,5,8,9 and/or can be estimated quite well
from e.g. electrochemical measurements (see ESI† for a more
detailed description), the factors governing HDA are not fully
comprehended yet: the nature of electron donor (D) and electron
acceptor (A), the structure of molecular spacers (e.g. length1,3,10,11
and substituents12–17) separating D and A as well as the molecular
conformation18–21 have significant effects on HDA: HDA generally
decreases with increasing D–A distance.1,3,10,11 Carbonera and
coworkers pointed out that substitution of a molecular spacer in
structurally related carotenoid–porphyrin–fullerene triads increased
HDA and, thus, significantly increased the charge recombination
rate.13 Albinsson and coworkers reported conformer-dependent
electron-transfer rates in a (zinc porphyrin)2–fullerene dyad.
20 The
significantly different electron-transfer rates for different molecular
conformers were ascribed to the significantly different HDA in the
two conformers.20 Despite these and other careful studies on the
structural impact on the electron-transfer rates1,3,4,10–18 it is difficult
to isolate the impact of various structural factors on HDA in
photoactive transition metal complexes based D–A systems: altering
e.g. the chemical nature of D or A will impact not only electronic
coupling but also the driving force for electron transfer.
In this contribution, we discuss how electronic coupling
underlying the photoinduced electron transfer in a phenothiazine
donor–Ru(tpy)2 acceptor complex (i.e. D1, Fig. 1) can be modified
without changing the D–A distance or the chemical nature of
the linkage. Tuning HDA is simply achieved by modifying the
substituents at the 40-position of the remote terpyridine ligand
(i.e. –R, Fig. 1). This ligand does not link the photoactive Ru(II)
core to the phenothiazine donor, and hence, it presents a
convenient handle to tune the electronic coupling within the
paradigm D–A dyad. We vary the substituent R from H atom to
C60, phenyl and more extended phenylmethyl, phenylmethoxy
and show that HDA values in the systems change significantly
albeit similar driving forces, fixed chemical nature of D and
identical D–A linkage and consequently fixed distance and
mutual arrangement of D and A.
To quantify the HDA values temperature-dependent electron-
transfer rates were determined between 300 and 240 K by
transient absorption spectroscopy (see Fig. S2–S11 for the full
sets of data, ESI†): the Ru(tpy)2-core was excited at 520 nm,
i.e. the red edge of the MLCT band. For each of the compounds,
the TA spectra do not change significantly upon decreasing the
temperatures. Hence, the previously developed model to account
for the photoinduced processes in D1 and T1 at room temperature
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(Fig. S1, ESI†)23,24 is applied to analyze the temperature-dependent
data. Fig. 2 exemplarily show the fs TA spectra of D1 and T1 at
270 K: at short delay times, the spectra are dominated by strong
ground state bleach (GSB) at around 500 nm and two excited-state
absorption (ESA) bands below 450 nm and above 550 nm. At long
delay times, e.g. at 1700 ps for D1, the ESA band shifts from 600 to
580 nm meanwhile a new ESA band appears at 365 nm (Fig. 2a).
Both features are indicative of the formation of one-electron
oxidized phenothiazine (PTZ+) according to spectroelectro-
chemistry revealing three distinct absorption bands at 365,
473 and 580 nm for PTZ+.23 The band at 473 nm is not
prominent in D1 (Fig. 2a) which is due to the spectral overlap
with the residual GSB. These observations agree with our
previous reports on D1 at room temperature23 and indicate
an electron transfer from the PTZ donor to the excited acceptor
Ru(tpy)2*, i.e. the formation of PTZ
+–Ru(tpy)2
. For T1 at 1700 ps,
two distinct ESA bands are observed at 475, 585 and a rather broad
feature at around 700 nm (Fig. 2c). The two bands are assigned to
the absorption of PTZ+ and the far-red feature is attributed to the
absorption of the fullerene triplet state (3C60*). Different to D1
(Fig. 2a), the absorption band of PTZ+ at 365 nm is not
pronounced in fs TA spectra of T1 (Fig. 2c) due to the spectral
overlap with the negative absorption of reduced fullerene (C60
)
below 400 nm.23 Hence, in T1 the fully charge-separated state,
PTZ+–Ru(tpy)2–C60
, is formed.
Temperature-dependent electron-transfer time constants were
obtained by global fits of the fs TA data (see Fig. 2b, d and Fig. S3,
S5, S7, S9, S11, ESI†). Previous experiments combining fs/ns
transient absorption and resonance Raman spectroscopy showed
that the processes associated with t1 and t2 (Fig. 2b and d) occur
from two distinct 3MLCT states (Fig. S1, ESI†).23 The first kinetic
component (t1) is characterized by an increased absorption at
365 nm and at 550 to 590 nm corresponding to the absorption of
PTZ+.23 Thus, the respective kinetic component is attributed to
the PTZ - Ru(tpy)2* electron transfer. It should be noted that
the characteristic time constant of the electron transfer is in the
same range as previously described rotational motion around
the terpyridine-phenyl (tpy-ph) bond (typically also observed on
a some-ps timescale for Ru(tpy)2-derived systems
25–27). This
indicates that the PTZ - Ru(tpy)2* electron transfer is likely
accompanied by planarization of the tpy-ph ligand in D2–D4.
The second component (t2) represents the relaxation of
3MLCT
state localized on the terminal tpy ligand, i.e. a 3MLCTtpy-R
state: for D1–D4 it deactivates directly to ground state. For T1
3MLCTtpy-R undergoes an energy transfer yielding a
3C60*
state.23 The third component in T1 is attributed to the formation
of PTZ+–Ru(tpy)2–C60
.23,24 To investigate how intramolecular
electronic coupling is influenced by substitution of the remote
ligand, we focus on the PTZ - Ru(tpy)2* electron transfer for
which all compounds have the same D and D–A distance.
To obtain HDA values for the photoinduced electron transfer
PTZ- Ru(tpy)2*, the Marcus equation was used:
28–32













4  l  kB  T (1)
Plotting ln(kETT1/2) vs. 1/T yields a straight line (see Fig. 3b)
indicating that both l and (l + DG1)2/4l are temperature-
independent.33,34 This is in line with the estimated l (according to
Marcus’ dielectric continuum model) and DG1 in the temperature
region of 300 to 240 K that l and the term (l + DG1)2/4l (i.e. the
activation energy barrier DG‡) are nearly temperature indepen-
dent (see Tables S3 and S4, ESI†). Recently, Wenger showed
Fig. 1 Molecular dyads D1–D4 and triad T1 studied in this work. Upon
excitation of RuII(tpy)2 center, electron transfer (ET) takes place from
phenothiazine (PTZ) donor to photo-oxidized Ru(II) in the Ru(tpy)2
center.23,24 This process is of particular interest and we will focus on it in
this work. For detailed decay processes after photoexcitation see Fig. S1
(ESI†). The UV-vis absorption spectra shown here were recorded at room
temperature in dichloromethane. For D1 and T1 the spectra were taken
from ref. 22.
Fig. 2 (a and c) fs TA spectra at selected delay times and (b and d) decay-
associated spectra resulting from the global fit of fs TA data collected in a
1 cm cuvette in dichloromethane at 270 K for D1 (a and b) and T1 (c and d).
The grey dashed line represents the shape of the corresponding inverted
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experimentally thatDG1 is indeed temperature independent in
a related donor–photosensitizer–acceptor system.35 Under such
conditions l and HDA can be extracted from the slope and the
intercept of the linear regression, respectively.28,29 Experimentally,
t1 increases with decreasing temperature (Fig. 3a and Table S1,
ESI†) indicating reduced electron-transfer rates (kET) at lower
temperatures. The full set of parameters describing electron
transfer within Marcus’ theory, i.e. l, DG1, HDA and DG‡
extracted from Fig. 3b, is summarized in Table 1.
DG1 for PTZ - Ru(tpy)2* electron transfer varies by only
20% within the investigated series from 0.29 (D1) to 0.23 eV
(T1). Likewise, due to identical D, D–A distance and mutual D–A
orientation the reorganization energy (l) is rather similar for
D1–D3 and T1 varying from 0.65 (D3) to 0.72 eV (D1). However,
D4 exhibits a roughly 40% higher l which indicates that the
inner-sphere reorganization energy li must be significantly
changed, as the outer-sphere reorganization energy lo is not
supposed to vary a lot within the assumptions of the dielectric
continuum model (eqn (S1) and (S2), ESI†). In contrast to l and
DG1,HDA values are quite different within the series of complexes
investigated. They vary by more than 400% from D3 to D4 despite
of minimal structural differences (see Table 1): D4, with the
strongly electron-donating substituent –OCH3, shows the strongest
coupling (371 cm1); T1 with the directly connected strongly
electron withdrawing –C60 reveals moderate coupling (157 cm
1);
for D1–D3 the HDA values are significantly lower (i.e. between 90
and 70 cm1). Thus, for example, replacing the –H atom at the
40-position of the terminal tpy ligand in D1 by –C60 (i.e. T1)
causes a roughly 70% increase of HDA between PTZ and
Ru(tpy)2* despite the fact that D1 and T1 have the same D,
D–A linkage and D–A distance. The electron rich –OCH3 group
in para position of the phenyl ring increases the coupling by a
factor of 3 comparing D2 and D4.
Similar eﬀects have been reported for mixed-valence RuII/RuIII
complexes.36,37 Here, the properties of intervalence charge-transfer
(IVCT) transitions were altered by design of remote ligands: while
this strategy ensured almost identical driving forces in a broad
range of substitutions the electronic coupling underlying the IVCT
could be altered by 20%. However, this work36 does not consider
photoinduced excited-state electron-transfer reactions in the
mixed-valence systems.
To rationalize the control of the donor–acceptor coupling by
remote ligand design, we will consider the influence of the
substituents –R on the charge densities. Such consideration is
based on the fact that HDA will be largely determined by the
electronic structure of the molecular fragments involved.38
Previously published calculations have studied the ground39
and 1MLCT excited-states40 of two model Ru(tpy)2 complexes
with strongly electron donating (–NH2) and electron withdrawing
(–NO2) groups attached to the 40-position of the tpy ligand via a
phenyl spacer (ph, see Fig. S13, ESI†).39,40 Calculations showed
an increased p-character and a consequently shortened tpy-ph
bond upon introducing the –NH2 substituent. Furthermore, the
electron donating group reduces the dihedral angle between ph
and tpy in the ground state of the complex.39 The –NO2 facilitates
long-range charge delocalization both in the ground- and
excited-state albeit a larger tpy-ph dihedral angle in the ground
state.39,40 Similar effects on the electronic levels of a Ru(II)
complex were calculated by Kupfer, who considered the effect
of coligand exchange on the electronics of charge-accumulation
within a photoactive Ru(II)-complex.41
The above discussed literature details the impact of sub-
stituents on the electronic situation in related Ru(II) complexes,
leaving the question unanswered if such substitutions can be
utilized to aﬀect electronic coupling of the photoactive Ru(II)
core with an electron donor linked via a second non-modified
ligand. Comparing the PTZ–Ru(tpy)2* electronic coupling
within the series of complexes investigated here, will address
this issue (to the best of our knowledge for the first time in a
systematic experimental approach). Within the series of the
dyads investigated the electron rich –OCH3 substituent drastically
increases the PTZ–Ru(tpy)2* coupling as reflected in the HDA value.
This is accompanied by a significant increase of l associated with
the PTZ- Ru(tpy)2* electron transfer. This increase in l is likely
associated with a decreased tpy-ph bond length and smaller tpy-ph
dihedral angle in D4 as li can be related to the free energy change
associated with bond length changes42 which upon electron transfer
Fig. 3 (a) Temperature dependence of the time constant associated with
PTZ- Ru(tpy)2* electron transfer. The dashed lines are only guides to the
reader. (b) Plots of ln (kETT1/2) vs. 1/T for D1–D4 and T1 with the
corresponding linear fit. The adjusted R2 value of the linear fit is 0.90 (D1),
0.99 (D2), 0.98 (D3), 0.92 (D4) and 0.90 (T1).
Table 1 Summary of driving force (DG1), reorganization energy (l),
electronic coupling (HDA) and activation energy barrier (DG
‡) obtained
from the experimental results shown in Fig. 3b for the PTZ - Ru(tpy)2*
electron-transfer process in D1–D4 and T1
D1 D2 D3 D4 T1
DG1/eV 0.29a 0.26b 0.25b 0.24b 0.23a
l/eV 0.72 0.67 0.65 0.95 0.71
HDA/cm
1 94 90 74 371 157
DG‡/eV 0.064 0.063 0.062 0.13 0.072
a Values were taken from ref. 24. b Values were obtained from the
electrochemical data (Fig. S12, ESI) according to Rehm–Weller equation
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would be different. Thus, the electron rich –OCH3 substituent in D4
leads to structural changes within the modified (remote) tpy ligand
affecting l but also to electronic changes altering the electronic
coupling underlying PTZ–Ru(tpy)2* electron transfer. The slight
(B18%) decrease in HDA comparing D3 to D2 might stem from
the weak electron-donating ability of the CH3 group. This
property causes the tpy-ph unit to be more planar than in D2.39
Consequently, upon photoexcitation of the Ru(tpy)2-photocenter
in its MLCT transition, the access charge on the formally
reduced ligand(s) becomes somewhat more delocalized, hence,
reducing the coupling for the PTZ- Ru(tpy)2* electron transfer.
Alterations of the remote ligand upon introduction of C60,
i.e. comparing D1 and T1, increase HDA by 70%. The effect of
the C60-containing tpy ligand also shifts the Ru
III/RuII oxidation
anodically by 120 mV compared to D1 (Table S2, ESI†). The
shifted HOMO apparently impacts the electronic levels on
the PTZ-tpy ligand and thus increases the coupling underlying
the PTZ- Ru(tpy)2* electron transfer.
An experimental investigation on the electronic coupling
underlying the photoinduced electron transfer in D–A dyads of
the form PTZ–(tpy)Ru(tpy–R) is presented. The data reveal the
possibility to modulate HDA between the PTZ donor and the
Ru(II) acceptor/photosensitizer by a factor of four by changing
the remote substituent –R. Altering the electronics in the photo-
excited Ru(tpy)2*-photosensitizer, either by delocalization of the
relaxed excited-state within the ligand sphere or by modifying
the HOMO level of the Ru(II) ion, impacts the electronic coupling for
photoinduced electron transfer in the dyad. Thus, the data point
towards an additional design parameter for molecular systems, in
which realizing efficient and specific electron transfer paths is key to
improved function.
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Experimental details
UV/Vis Spectroscopy. The UV/Vis absorption spectra of D2-D4 were recorded with a Cary 
5000 UV/Vis spectrometer (Varian, USA) in a 1 cm cuvette at room temperature.
Time-Resolved Spectroscopy. Femtosecond (fs) transient absorption (TA) spectra were 
collected by using a previously reported home-built pump-probe laser system which is based 
on an amplified Ti: Sapphire oscillator (1 kHz, 800 nm).1 Samples were excited by pump 
pulse centered at 520 nm (TOPAS-C, Lightconversion Ltd.) with a duration of 80 fs. The 
power of the pump beam at the sample position was kept at 0.35 mW with a beam diameter of 
112 μm, corresponding to 1.86 × 1020 photos m-2 per pump pulse. A white light 
supercontinuum generated by focusing a fraction of the fundamental in a CaF2 plate is used to 
probe the samples in a wide spectral range (340 to 750 nm). The pump beam is delayed in 
time with respect to the probe beam by means of an optical delay line and the polarization 
between probe and pump is set at the magic angle (54.7°). Temperature-dependent fs TA 
spectra were recorded by putting the sample in a 1 cm cuvette (optical density 0.24 at 520 nm) 
which was then placed in a temperature-controlled cryostat (Optistat DN, Oxford Instrument) 
cooled with liquid nitrogen. Temperatures were set by an intelligent temperature controller 
(ITC 503S, Oxford Instruments) and the real-time temperature inside the cuvette was 
monitored by a temperature sensor which was connected to a digital multimeter (Keithley 
2000 multimeter). Fresh solution was used for the fs TA measurement at each temperature. 
All samples have been cooled down until stable before starting the pump-probe experiment. 
The fs TA spectra were displayed after chirp correction. The fs TA data were analyzed by a 
global multi-exponential fit after exclusion of a temporal window of 500 fs around time-zero 
in order to avoid contributions of the coherent-artifact region to the data analysis. Furthermore, 
a spectral band of ca. 20 nm around the pump-wavelength is omitted from the data analysis 
due to pump-scatter in this spectral range. For all the time-resolved experiments the stability 
of samples was ensured by recording the UV/Vis absorption spectra (JASCO V-670 
spectrometer) at room temperature before and after fs TA measurement. 
Electrochemistry. Cyclic voltammograms (CVs) of D2-D4 were performed in a three-
electrode setup consists of a glassy carbon working electrode, a platinum wire counter 
electrode and an Ag/AgCl reference electrode. CVs were obtained in dichloromethane with a 
PC-controlled potentiostat (Zahner Zennium Pro). The scan rate was 200 mV/s which kept 
consistence with the previous electrochemical measurements for D1 and T1.2 All potentials 
given in Table S2 refer to ferrocene as standard. 
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Synthesis and Characterization Data. D1, T1 and all terpyridine ligands were prepared 
according to literature procedures.2 All other chemicals were purchased from commercial 
suppliers and were used as received. Reactions were monitored by thin-layer chromatography 
(TLC, silica gel on aluminum sheets with fluorescent marker F254 Merk). 1H-, 13C{H}-NMR 
were recorded at 20 °C on Bruker Advance AC400 and AC600 spectrometers. Chemical 
shifts are reported in parts per million relative to tetramethysilane (1H-, 13C{H}-NMR), as 
external standards. The residual signal of the deuterated solvents [d3]MeCN, were used as 
internal standards in 1H- and 13C{H}-NMR experiments. J values are given in Hz. ESI-MS 
mass spectra were recorded either on a Finnigan MAZ95XL or on a Finnigan MAT SSQ 710. 
The experimental isotope pattern of the respective compound was compared to the calculated 
isotope pattern. Presented yields are not optimized.
1) General procedure for [Ru(tpy-Ar)]Cl3 complexes
A microwave vial was charged with RuCl3•xH2O (0.29 mmol), the respective tpy-Ar 
(0.29 mmol) and EtOH (25 mL). The vial was capped and degassed with nitrogen for 20 min. 
The suspension was heated to 96 °C for 4h. Subsequently the suspension was filtered and the 
precipitate was washed with EtOH (30 mL) and diethyl ether (30 mL). After drying in vacuo 
the dark brown crude product was used as received.
[Ru(tpy-Ph)]Cl3   (124.2 mg, 82%).
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 [Ru(tpy-PhMe)]Cl3   (352.9 mg, 89%)
[Ru(tpy-PhOMe)]Cl3   (217.9 mg, 91%)
2) General procedure for [Ru(MeCN)3(tpy-Ar)](PF6)2
A microwave vial was charged with the respective [Ru(tpy-Ar)]Cl3 (0.17 mmol) AgNO3 
(0.17 mmol) and MeCN/EtOH/water (6:1:1, 18 mL). The vial was capped and degassed with 
nitrogen for 20 min and heated to 80 °C for 4h. Subsequently the solution was filtered to 
remove the fine AgCl precipitate. Excess NH4PF6 was added to the filtrate and the solution 
was concentrated in vacuo. When precipitation occurred water was added and the suspension 
was centrifuged. The solid was washed with water (2 × 20 mL). The residue was then 
dissolved in a minimum of MeCN and the product was precipitated in diethyl ether (30 mL). 
The suspension was centrifuged and the product was obtained as orange/yellow powder and 
subsequently dried in vacuo and used as received.
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[Ru(MeCN)3(tpy-Ph)](PF6)2   (36.6 mg, 26%)
1H NMR (400 MHz, CD3CN): δ = 8.93 (2H, d, J = 5.3 Hz), 8.65 (2H, s), 8.55 (2H, d, 
J = 7.9 Hz), 8.21 (2H, td, J = 7.9, 1.5 Hz), 8.01-8.07 (2H, m), 7.73-7.78 (2H, m), 7.66-7.72 
(2H, m), 7.64 (1H, d, J = 7.3 Hz), 2.75 ppm (3H, s). 13C NMR (101 MHz, CD3CN): δ = 160.0, 
159.6, 155.5, 151.0, 140.1, 137.4, 131.7, 130.6, 129.1, 128.8, 125.2, 121.9  ppm.
[Ru(MeCN)3(tpy-PhMe)](PF6)2   (211.5 mg, 58%)
1H NMR (400 MHz, CD3CN): δ = 8.90-8.96 (2H, m), 8.63 (2H, s), 8.55 (2H, d, J = 7.9 Hz), 
8.20 (2H, td, J = 7.9, 1.8 Hz), 7.94 (2H, d, J = 8.5 Hz), 7.75 (2H, ddd, J = 7.7, 5.5, 1.2 Hz), 
7.50 (2H, d, J = 7.9 Hz), 2.75 (3H, s), 2.49 ppm (3H, s). 13C NMR (101 MHz, CD3CN): 
δ = 159.9, 159.7, 155.5, 142.4, 140.0, 134.4, 131.4, 131.3, 129.0, 128.6, 125.1, 121.5, 118.4, 
118.5, 21.4, 4.3 ppm.
S6
[Ru(MeCN)3(tpy-PhOMe)](PF6)2   (88.1 mg, 34%)
1H NMR (400 MHz, CD3CN): δ = 8.92 (2Hd, J = 5.0 Hz), 8.61 (2H, s), 8.54 (2H, d, 
J = 8.2 Hz), 8.20 (2H, td, J = 7.9, 1.5 Hz), 8.03 (2H, d, J = 9.1 Hz), 7.70-7.78 (2H,  m), 7.22 
(2H, d, J = 8.8 Hz), 3.93 (3H, s), 2.74 ppm (3H, s). 13C NMR (101 MHz, CD3CN): δ = 159.8, 
159.8, 155.5, 150.6, 143.8, 140.0, 131.0, 130.3, 129.4, 129.0, 125.1, 121.1, 56.4 ppm.
3) General procedure for [Ru(tpy-ptz)(tpy-Ar)](PF6)2 complexes (D2-D4)
A microwave vial was charge with the respective [Ru(MeCN)3(tpy-Ar)](PF6)2 (0.04 mmol), 
tpy-ptz (0.04 mmol) and DMF (10 mL). The vial was capped and degassed with nitrogen for 
20 min and heated 96 °C for 2-3h. The red crude product was then precipitated in diethyl ether 
(20 mL) and centrifuged. The red solid was then washed with diethyl ether (5 mL). The crude 
product was then further purified by column chromatography (silica; MeCN/H2O/satd. aq. 
KNO3 solution; 40:4:1). An excess of NH4PF6 was added to the red fraction which was then 
concentrated in vacuo. When precipitation occurred the solution was added to water (30 mL). 
The formed precipitate was centrifuged and washed with water (2 × 20 mL). After drying in 
vacuo the complex was obtained as dark red powder.
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D2: [Ru(tpy-ptz)(tpy-Ph)](PF6)2   (16.3 mg, 39%)
1H NMR (400 MHz, CD3CN): δ = 9.01 (2H, s), 8.97 (2H, s), 8.64 (4H, d, J = 7.9 Hz), 8.17-
8.24 (2H, m), 8.03-8.14 (2H, m), 7.94 (4H, td, J = 7.9, 1.5 Hz), 7.73-7.81 (2H, m), 7.65-7.72 
(1H, m), 7.42 (4H, br d, J = 5.6 Hz), 7.28-7.36 (1H, m), 7.22-7.27 (2H, m), 7.13-7.21 (4H, m), 
6.99-7.11 (2H, m), 3.52 ppm (3H, s). 13C NMR (101 MHz, CD3CN): δ = 159.4, 159.3, 156.6, 
156.4, 153.5, 153.5, 149.5, 149.4, 148.9, 148.1, 146.0, 139.1, 138.0, 131.5, 130.7, 129.2, 
128.9, 128.5, 128.5, 128.3, 128.1, 126.8, 125.6, 125.6, 125.3, 124.3, 123.1, 122.8, 121.6, 
116.2, 116.2, 36.3 ppm. Found C, 50.35; H, 3.01; N, 8.57; S, 2.44. Calc. for 
C49H35F12N7P2RuS: C, 51.40; H, 3.08; N, 8.56; S, 2.80. HRMS (Micro-ESI pos) calcd. for 
C49H35F6N7P96RuS [M+] = 994.1402.1549. Found 994.1392.
D3: [Ru(tpy-ptz)(tpy-PhMe)](PF6)2   (20.0 mg, 14%)
1H NMR (400 MHz, CD3CN): δ = 8.98 (4H, d, J = 8.5 Hz), 8.64 (4H, d, J = 8.2 Hz), 8.02-8.15 
(4H, m), 7.89-7.98 (4H, m), 7.58 (2H, d, J = 8.2 Hz), 7.39-7.47 (4H, m), 7.31 (1H, ddd, 
J = 8.3, 7.5, 1.5 Hz), 7.22-7.27 (2H, m), 7.17 (4H, ddd, J = 7.3, 5.8, 1.5 Hz), 7.01-7.11 (2H, m), 
3.52 (3H, s), 2.54 ppm (3H, s). 13C NMR (101 MHz, CD3CN): δ = 159.4, 159.3, 156.5, 156.4, 
153.5, 153.5, 149.4, 149.3, 148.9, 148.0, 147.9, 146.0, 142.1, 139.0, 135.0, 131.5, 131.4, 
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129.2, 128.7, 128.5, 128.4, 128.3, 128.1, 126.8, 125.5, 125.3, 124.3, 123.0, 122.4, 121.6, 
116.2, 116.1, 36.3, 21.5 ppm. Found C, 49.33.35; H, 3.36; N, 8.91; S, 2.40. Calc. for 
C49H35F12N7P2RuS•H2O•MeCN: C, 51.28; H, 3.48; N, 9.20; S, 2.63. HRMS (Micro-ESI pos) 
calcd. for C50H37F6N7P96RuS [M+] = 1008.1549. Found 1008.1569.
D4: [Ru(tpy-ptz)(tpy-PhOMe)](PF6)2  (13.0 mg, 11%)
1H NMR (400 MHz, CD3CN): δ = 9.00 (4H, s), 8.67 (4H, d, J = 8.2 Hz), 8.22 (2H, d, 
J = 8.8 Hz), 8.06-8.15 (2H, m), 7.96 (4H, t, J = 7.7 Hz), 7.44 (4H, t, J = 5.6 Hz), 7.30-7.37 (3H, 
m), 7.25-7.30 (2H, m), 7.16-7.23 (4H, m), 7.04-7.12 (2H, m), 4.00 (3H, s), 3.55 ppm (3H, s). 
13C NMR (101 MHz, CD3CN): δ = 162.8, 159.4, 156.5, 156.4, 156.4, 153.5, 149.0, 149.0, 
148.9, 147.9, 146.0, 139.0, 131.5, 130.3, 129.9, 129.2, 128.5, 128.3, 128.1, 126.8, 125.5, 
125.3, 124.3, 123.1, 122.0, 121.6, 116.2, 116.1, 116.1, 56.5, 36.3 ppm. HRMS (Micro-ESI pos) 
calcd. for C50H37OF6N7P96RuS [M+] = 1024.1498. Found 1024.1501.
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Relaxation scheme of dyads and triad upon excitation at 520 nm
Figure S1. Relaxation processes for D1-D4 and T1 refer to the model proposed for D1 and T1 at room 
temperature.3 Terpyridine (tpy) ligand connected with N-methylphenothiazine (PTZ) and other substituents are 
named as PTZ-tpy and tpy-R, respectively. Excitation of Ru(tpy)2 photosensitizer generates two differently 
distributed MLCT states, i.e. MLCTPTZ-tpy and MLCTtpy-R. The MLCTPTZ-tpy state decays via electron transfer (τ1, 
left side) and the MLCTtpy-R state decays directly to ground state (τ2, D1-D4, right side) or decays via energy 
transfer (τ2, T1, right side, grey lines). 
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Temperature dependent fs TA data of D1 
Figure S2. fs transient absorption spectra at selected delay times upon excitation at 520 nm in dichloromethane 
at temperature regions from 300 to 240 K. 
Figure S3. Decay-associated spectra resulting from the global fit of fs TA data upon excitation at 520 nm in 
dichloromethane.
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Temperature dependent fs TA data of D2 
Figure S4. fs transient absorption spectra at selected delay times upon excitation at 520 nm in dichloromethane 
at temperature regions from 300 to 240 K. 
Figure S5. Decay-associated spectra resulting from the global fit of fs TA data upon excitation at 520 nm in 
dichloromethane.
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Temperature dependent fs TA data of D3 
Figure S6. fs transient absorption spectra at selected delay times upon excitation at 520 nm in dichloromethane 
at temperature regions from 300 to 240 K. 
Figure S7. Decay-associated spectra resulting from the global fit of fs TA data upon excitation at 520 nm in 
dichloromethane.
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Temperature dependent fs TA data of D4 
Figure S8. fs transient absorption spectra at selected delay times upon excitation at 520 nm in dichloromethane 
at temperature regions from 300 to 240 K. 
It should be noted that the shape of the fs TA spectra at 240 K changes (i.e. 540 to 730 nm) 
compared to other data at higher temperatures. Meanwhile the corresponding DAS yields two 
kinetic components which are both faster than others (Figure S9f). The interpretation of the 
data at 240 K is complicated. Thus for the Marcus analysis the data point at 240 K for D4 was 
omitted in the main text. 
Figure S9. Decay-associated spectra resulting from the global fit of fs TA data upon excitation at 520 nm in 
dichloromethane.
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Temperature dependent fs TA data of T1 
Figure S10. fs transient absorption spectra at selected delay times upon excitation at 520 nm in dichloromethane 
at temperature regions from 300 to 240 K. 
Figure S11. Decay-associated spectra resulting from the global fit of fs TA data upon excitation at 520 nm in 
dichloromethane.
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Summary of the time constants for electron transfer 
Table S1. Temperature dependence of the time constants (in ps) for the PTZRu(tpy)2* electron transfer process 
in D1–D4 and T1 obtained from the global fit of fs TA data.
T / K D1 D2 D3 D4 T1
300 5.0 4.6 6.4 5.1 2.0
280 5.4 5.2 7.5 5.6 2.2
270 5.2 5.6 7.8 7.1 2.5
260 6.4 5.9 8.3 9.3 3.2
250 7.1 6.8 9.2 12.6 2.9
240 8.3 7.6 10.8 – 3.5
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Estimation of reorganization energy and the temperature dependence
                      𝜆 = 𝜆𝑖 +  𝜆𝑜                                                                                                 (1)   
                            𝜆𝑜 =  𝑒24 ∙ 𝜋 ∙ 𝜀0 ∙ ( 12𝑎1 + 12𝑎2 ‒ 1𝑅𝐷𝐴) ∙ ( 1𝑛2 ‒ 1𝜀𝑠)                              (2)          
where λi and λo represent the inner and outer reorganization energy, respectively.4 λi reflects 
the free energy change associated with the nuclear bond length changes within molecules and 
λo accounts for the reorganization of the surrounding chemical environment, e.g. solvent 
molecules. In the simplest model, electron donor and acceptor are treated as spheres with radii 
a1 and a2 (for more accurate prediction, electron donor and electron acceptor should be treated 
as ellipsoids).5 RDA is the donor-acceptor distance. n and εs represent refractive index and 
dielectric constant of the solvent involved during charge transfer, respectively. ε0 is the 
vacuum permittivity (8.85 × 10−12 F/m).
For the PTZ-Ru(tpy)2-R system:
1. λi is estimated to be 0.1 eV5,6 and commonly treated as distance5 and temperature7,8 
independent. 
2. Both n and εs are temperature dependent, εs(T) = a + bT + cT2 + dT3, for dichloromethane, 
a = 0.40452×102, b = – 0.17748×100, c = 0.23942×10-3, d = 0;9 
For dichloromethane, n(T) = 1.59078 – 5.66×10-4 T.10
3. For PTZRu(tpy)2* electron transfer, PTZ and photo-excited Ru complex are the electron 
donor (a1 = 4 Å) and acceptor (a2 = 5 Å), respectively. The center-to-center distance RDA is 
9.6 Å. a1, a2 and RDA were estimated from the neutral, optimized molecular structures.2,11 
As a result, the calculated reorganization energy associated with PTZRu(tpy)2* electron 
transfer as a function of temperature for D1 and T1 were summarized in Table S3-4. Only D1 
and T1 were exemplarily calculated since all compounds have the same electron donor, 
donor-acceptor distance and chemical linkage. 
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Estimation of driving forces and the temperature dependence 
For PTZ Ru(tpy)2* electron transfer, the radical pairs are PTZ·+ / tpy·-. E00 in Rehm-Weller →
equation is the energy difference between the excited state (where the electron transfer takes 
place) and ground state. In our system, as indicated in the relaxation model (see Figure S1) 
electron transfer occurs from an upper-lying 3MLCT state. Since different 3MLCT states are 
relatively close in energy, E00 is taken to be 2.07 eV which was estimated from the emission 
spectrum of [Ru(tpy)2](PF6)2 at 77 K (in butyronitrile glass).12 The Gibbs free energy change 
of a photoinduced electron transfer process can be estimated by: 
                                 ΔG°CS = e (ED+/D –EA/A-) – E00 –                                       (3)
𝑒24𝜋𝜀0𝜀𝑅𝐷𝐴 
                                 ΔG°CR = – ΔG°CS – E00                                                                    (4)
The values of EPTZ+/PTZ and Etpy/tpy- in D1 and T1 were taken from ref 2. For D2-D4 cyclic 
voltammetry was performed (Figure S12 and Table S2). The influence of temperature on 
ΔG°CS value is also considered (see Table S3-4). 
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Figure S12. Cyclic voltammetry curves (scan rate 200 mV/s) for D2-D4 in dichloromethane with 0.1 M 
Bu4NPF6 supporting electrolyte.
Table S2. Summary of electrochemical data for D1-D4 and T1 recorded in dichloromethane with 0.1 M 
Bu4NPF6 supporting electrolyte.
Eo / V (vs. Fc·+/Fc)
PTZ·+ / PTZ RuIII / RuII tpy / tpy·-
D1a 0.35 0.87 -1.60
D2 0.35 0.87 -1.63
D3 0.37 0.90 -1.62
D4 0.36 0.86 -1.64
T1a 0.34 0.99 -1.67
a Electrochemical data were taken from ref 2. 
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Summary of calculations for PTZRu(tpy)2* electron transfer
Table S3. Summary of the calculated temperature dependent dielectric constant (ε) and refractive index (n) of 
dichloromethane as well as reorganization energy (λ), driving force (–ΔG°) for charge separation, activation 
energy (ΔGǂ) in D1. 
T / K ε n λ –ΔG° / eV ΔGǂ / eVa
300 8.7558 1.4210 0.763 0.291 0.073
280 9.5281 1.4323 0.766 0.277 0.078
260 10.4920 1.4436 0.769 0.263 0.083
240 11.6474 1.4549 0.773 0.249 0.089
Table S4. Summary of the calculated temperature dependent dielectric constant (ε) and refractive index (n) of 
dichloromethane as well as reorganization energy (λ), driving force (–ΔG°) for charge separation, activation 
energy (ΔGǂ) in T1. 
T / K ε n λ –ΔG° / eV ΔGǂ / eVa
300 8.7558 1.4210 0.763 0.231 0.093
280 9.5281 1.4323 0.766 0.217 0.098
260 10.4920 1.4436 0.769 0.203 0.104
240 11.6474 1.4549 0.773 0.189 0.110
a Activation energy was obtained by (λ+ΔG°)2/4λ.13,14 
The influence of temperature on solvent dielectric properties, i.e. dielectric constant ε and 
refractive index n, which may change λ (eq S1-2) and –ΔG° (eq S3-4), is considered in this 
work. It should be noted that the single linear relation indicated by the reformed Marcus 
equation in the main text can really be expected when both λ and the term (λ+ΔG°)2/4λ (i.e. 
activation energy, ΔGǂ) are temperature independent.13,14 Otherwise, deviation from single 
linear regression would be observed because of the impact of temperature on solvent 
dielectric properties.13,14 According to Table S3-4, λ and ΔGǂ are apparently insensitive to 
temperature variation which show relative small changes of 0.010 and 0.017 eV, respectively. 
Hence, we conclude that the solvent itself would not cause significant deviations due to 
temperature change. 
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Molecular structure of the reference compounds 
Figure S13. Molecular structure of the functionalized Ru(tpy)2 complexes with a strongly electron donating 
substituent –NH2 and a strongly electron withdrawing substituent –NO2 referred in the main text.15,16
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NMR spectra of D2
1H NMR (400 MHz, CD3CN)
13C NMR (101 MHz, CD3CN)
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NMR spectra of D3
1H NMR (400 MHz, CD3CN)
13C NMR (101 MHz, CD3CN)
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NMR spectra of D4
1H NMR (400 MHz, CD3CN)
13C NMR (101 MHz, CD3CN)
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